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Varroa destructor is a serious threat to the eastern honey bees, Apis melliferra. The 
available varroa controls are either ineffective due to resistance of varroa mites or 
require correct temperatures for efficacy and are labour intensive. To search new 
effective varroa control agents, 15 compounds were assesed for the acaricidal activities 
like paralysis and death, against varroa mites in laboratory bioassays. The data from 
structure-activity assays revealed that allyloxy and propoxy groups at the para position 
of a benzene-based structure, are necessary for the acaricidal activities tested. 
Compound 1-allyloxy-4-propoxybenzene, known as 3c{3,6}, showed the highest 
acaricidal activites from a group of 15 compounds tested . Activity of 3c{3,6} was the 
same as that of thymol, a widely used varroa control agent in structure-activity 
relationship studies. 3c{3,6} prevented the mites from staying on the abdomen of bees, 
which is a major feeding site of the mites. The active compound 3c{3,6} initially 
paralyzed the mites and eventually a high number of the mites were observed on the 
surface of the glass dishes used for bioassays. The varroa acetylcholine esterase 
(VdAChE) was not inhibited by 3c{3,6} and hence, we conclude that VdAChE is not a 
target of 3c{3,6}. Fluorescent probes in which the structure of 3c{3,6} was modified with 
a linker, and the linker was attached either to a fluorescein or a rhodamine fluorophore, 
were synthesized to visualise the target binding location(s) in the mites. All probes 
showed variable acaricidal activies against varroa mites. The fluorescein-containing 
compound, 6-FAM probe-2, had similar acaricidal activities as 3c{3,6}. The confocal 
images highlighted fluorescent signals in the regions of the central nervous system 
(CNS) in the mites, suggest that there may be a binding target of 3c{3,6} in the CNS. 
Compound 3c{3,6} could be a potential varroa control agent that could be used in 
combination with the current varroa controls in an integrated pest management (IPM) 
system. 
Keywords:  Varroa destructor; 1-allyloxy-4-propoxybenzene; acetylcholinesterase; 
fluorescent probes; confocal imaging 
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Chapter 1.  
 
Introduction 
1.1. Worldwide declining honey bee population and Varroa 
destructor, an invasive parasite of the Western honey bee, 
Apis mellifera 
1.1.1. Decline of honey bee populations 
Pollinators are important for sustaining both agricultural and wild flowering plants. 
Almost one-third of global food production, which covers 75% of cultivated land, relies on 
insect pollinators, and honey bees contribute to approximately 80% of insect pollination 
(Klein et al., 2007). The European or Western honey bee (Apis mellifera L.) is a 
widespread choice by both beekeepers and farmers because of the relative ease in 
managing these bees. For this reason, the European honey bee is considered as the 
most frequent visitor of crops around the world (Garibaldi et al., 2013). As estimated, in 
2005, 39% of the world crop production was pollinated by 46 species of insect, and 
honey bees contributed to €153 billion worth of production. As the percentage of 
valuable crop production increases globally, year after year, the land area used for 
cultivating pollinator-dependent crops will continue to rise. The number of managed 
honey beehives is growing at a slower rate than the agricultural demand. For example, 
the almond plantations in California, considered to be the world's largest producer of 
almonds (almost 80%), completely relies on managed honey bees for cultivation of this 
crop (Traynor, 2017). 
Beekeepers are facing difficulties with declining bee populations globally and the 
numerous factors affecting bee health and mortality. Between 2007 and 2015, loss rates 
of winter bee colonies in the US have doubled in comparison to the normal rate (Bee 
Informed Partnership, 2015; Spleen et al., 2013; Steinhauer et al., 2014). In a 
preliminary survey by the Bee Informed Partnership, conducted in the winter of 2018-
2019, 37.7% of managed honey bee colonies were lost in the US, which is a 7% 
increase in loss as compared to the previous year and an increase of 8.9% with respect 
to the 13-year average of winter colony losses (28.8%) (Preliminary Results, Honey Bee 
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Colony Losses in the United States, 2018-2019). Canada has experienced variable 
winter loss of managed bee hives since 2007. In 2019, Canada reported 25.7% average 
mortality which is better than in 2018, but is above the economic threshold for winter loss 
set at 15% (Canadian Association of Professional Apiculturists, 2019). The COLOSS 
survey data collected mostly from European countries along with Israel, Mexico and 
Algeria, reported an overall loss rate of 12%, 20.9% and 16.4% during winters 2015/16, 
2016/17 and 2017/18 respectively (Brodschneider et al., 2016, 2018; Gray et al., 2019). 
Beekeepers have to spend considerable time and money to replace each colony lost 
every year. With the increasing trend in winter losses, farmers and beekeepers are at 
risk economically, because of the costly replacement of damaged colonies. Furthermore, 
it takes time to establish new bee colonies. Eventually, this leads to losses in spring 
pollination business, which is a major source of income for beekeepers. 
1.1.2. Factors that affect honey bee population 
Since Colony Collapse Disorder (CCD) was first identified in winter 2006/spring 
2007 (Cox-Foster et al., 2007), the continual damage to bee health has raised alarming 
questions as to how the bee population can be saved and how to determine factors 
responsible for the colony losses. 
As outlined in Figure 1, the mite Varroa destructor (Anderson and Trueman, 
2000) is one of the main threats to worldwide apiculture (Dahle et al., 2010; Le Conte et 
al., 2010). Varroa mite infestations occurred originally with the Asian honey bee, Apis 
cerana and later was introduced to the European honey bee, Apis mellifera over 60 
years ago. Since then, varroa mites have spread globally except in Australia and, 
Newfoundland and Labrador in Canada. The mite feeds on the fat body tissues (Ramsey 
et al., 2019) and hemolymph of pupae and adult honey bees (Weinberg & Madel, 1985). 
This not only weakens the bees and shortens their lifespan but also promotes infection 
of virus like DWV (Deformed wing virus) (Kuster et al., 2014). 
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Figure 1. Important factors in the decline of honey bee populations. With 
single-headed arrows are considered direct factors and with two-
headed arrows are identified as indirect and interconnected factors 
in the bee colony collapse 
Interestingly, A. cerana, an initial host of the mite is not affected significantly, as 
varroa mites reproduce only in the male or drone brood cells allowing them to infect a 
limited population (Boot et al., 1999). In addition, A. cerena possesses hygienic 
behaviours which help in the active removal of mites from adult bees (through grooming) 
and infected larvae from parasitized cells. In contrast, A. mellifera has very little 
resistance to the mite and experiences infestation in both worker and drone brood. This 
gives the mite more reproductive choices and a much longer time window to reproduce, 
leading to exponential increase in mite populations during the late summer and fall 
(Rosenkranz et al., 2010). Acaricides, chemicals used to treat against the varroa mite, 
are very frequently used by beekeepers. These substances are detected in hive 
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matrices, including wax, pollen and honey, so bees are chronically exposed to the 
contaminants through their diet.  
The second factor that affects honey bee population is the use of pesticides. 
Pesticides have been the most visible factor leading to bee declines. These chemicals 
have economic and agro-industrial benefits, but they compromise the safety of bees, as 
bees are mostly exposed to blends of pesticides throughout their developmental and 
adult life stages (Krupke et al., 2012; Mullin et al., 2010). One particular example is the 
neonicotinoids, a class of pesticides that target the central nervous system of insects by 
binding to postsynaptic nicotinic acetylcholine receptors (nAChRs). This results in 
overstimulation, paralysis, and death of insects (Pisa et al., 2015). Neonicotinoids are 
also systemic in plants, which means they persist as the plant grows and distribute to all 
tissues in the plant. Therefore, they can be present in nectar and pollen, where the bees 
can become exposed. This leads to reduced level of survival abilities like learning, 
foraging and homing in bees. 
The third factor that affects the fitness of bees is intensive farming of 
monocultures. Honey bees have a variety of nutritional requirements, which they get 
from pollen and nectar (Di Pasquale et al., 2013). Different plant species have pollen 
varying in the content of lipid, starch, vitamins and minerals. Therefore, it is important to 
have a variety of crops and plants available for bee pollination. Honey bees are 
transported across different states in North America to pollinate a single crop like 
almonds in California and blueberries in Maine. Monotonous diet affects the physiology, 
life span, and disease tolerance of bees. Furthermore, visiting single, abundant crops, 
increases the contact of bees with pesticide residues, which can synergize with poor 
nutrition and existing pesticide loads on the bees. 
Another important factor in bee health is the quality and attributes of queen bees. 
High quality queens have high reproductive potential to produce colonies that exhibit 
high growth and survival. Young and healthy queens produce a solid brood pattern 
which will develop into healthy workers to store more honey and pollen throughout the 
year in comparison to the colonies ruled by poor and unhealthy queens (Rangel et al., 
2013). 
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The interaction between multiple factors is likely to be more harmful than one 
stressor alone (Figure 1). Honey bee parasites and pathogens have accidentally spread 
through long distance transportation in the 20th century, a practice that still continues, 
even after better quarantine procedures. Transferred parasites can act synergistically 
with local factors such as pesticides. For example, interaction between V. destructor and 
Imidacloprid was shown to diminish the flying ability of honey bees (Blanken et al., 
2015). As mentioned earlier, viral diseases of honey bees also play an important role in 
these multifaceted interactions that lead to bee declines. The varroa mite is also an 
effective vector of DWV (Deformed Wing Virus), leading to additional weakening of 
varroa-infested bee colonies (Nazzi et al., 2012). The beekeepers often do not recognize 
the initial stage of colony collapse, as the colony is still heavily populated. Being a new 
parasite for Apis mellifera, beekeepers are having trouble dealing with this parasite. A 
honey bee colony can succumb to Varroa infestation within 2-3 years, if not treated 
regularly. 
 
Figure 2. The life cycle of Varroa synchronized with different life stages of 
bees 
1 - Varroa enters the cell
2 - first male egg
3 - two to three fertilized eggs
4 - pre-adult Varroa female and
matured Varroa male
5 - adult female reaches
sexual maturity
6 - matured Varroa ready for 
phoretic cycle and next reproduction
- foundress mites, adult female
- egg 
- adult male mite
- pre-adult female
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1.2. The synchronized life cycle of varroa mite with honey 
bees and impact on the bees 
1.2.1. Life cycle of Varroa 
V. destructor is currently considered as the most devastating pest of the western 
honeybee A. mellifera which makes varroosis (disease of a honey bee colony caused by 
varroa mites), a significant threat to apiculture. Varroa-infested colonies collapse mainly 
during the winter or early spring. Since the 1960s, Varroa has spread from Asia to 
Europe, the United States, and most recently to New Zealand. 
V. destructor’s survival depends entirely on its host, the honey bee (Rosenkranz 
et al., 2010). The life cycle of Varroa is divided into two phases, namely travelling (often 
named phoretic) phase and reproductive phase (Figure 2). 
In the phoretic phase, adult female mites are carried by a forager to another 
hive or by a nurse bee to a brood cell (1, Figure 2). During the travelling phase, adult 
female mites feed on the fat body tissues and hemolymph of the adult bees. This is the 
main reason why mites prefer nurse bees over forager since nurse bees have a larger 
fat body than foragers. Forager bees are chosen by the mites for moving them to 
another hive by exploiting robbing behaviour of bees, seen in particular when the colony 
is already weak and not suitable for the mite's reproductive success. Varroa mites are 
mostly found between plates on the third abdominal segment on the left side of the bees 
during travelling phase (Ramsey et al., 2019). This positioning enables the mites to feed 
on the underlying fat body of the bee and saves them from the reach of bee for 
grooming. The varroa mite is carried to the unsealed brood cell shortly before cell 
capping, where a 5th instar bee larva is residing in the cell. This stage ends the travelling 
phase of the mite’s life cycle. 
The reproductive phase of varroa mites begins only after a brood cell is 
capped. After entering a brood cell with a 5th instar larva, the mite hides within the larval 
food to avoid detection and removal by hygienic bees. Seventy hours after cell capping, 
an adult female varroa mite lays the first unfertilized egg which is a male (2, Figure 2). 
About two to four fertilized female eggs are subsequently laid in 30 h time intervals (3, 
Figure 2). The male mite is smaller than female and has a pale-yellow colour. It has 
longer legs than female. The female mite is flattened and ellipsoidal with greater width 
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than length. It is reddish brown in colour and has short but strong legs. It also has 
specialized structures called 'the apoteles' for adherence to the host. The mother mite 
punctures the bee pupa in the cell, to create a single site for the immature mites to feed. 
The daughter mites mate with the male mite in the cell after maturation and before 
eclosion of the adult bee (4 and 5, Figure 2). Multiple mating occurs until the next 
daughter female has matured. Males and immature female mites die inside the brood 
cell and never leave the cell (6, Figure 2). It has been noticed that up to a maximum of 
three mites from one family can successfully survive to adulthood under ideal conditions 
and up to three fertilized females may mature depending on the time of bee 
development. The varroa mites cling to the emerging bee which transports the mites to 
another brood cell where the parasite can start reproduction or to another adult bee host 
for travelling to a new brood cell for reproduction (6, Figure 2). 
1.2.2. Varroa life cycle is synchronized with that of honey bees 
The varroa mite life cycle is tightly synchronized and completely influenced by 
honey bee pheromones, which the mites detect to coordinate their spread and 
reproduction. The front legs of the varroa mite act similarly to the antenna of insects for 
chemosensation. These legs are hardly used for locomotion, but are instead held up into 
the air, to respond to volatiles. The sensory hairs in the pit organ on the tarsi of the 
varroa mite’s front legs are chemosensory hairs (Dillier et al., 2006). The key chemical 
signal detected by the mites is a blend of fatty acid esters (methyl palmitate, methyl 
stearate, methyl oleate and their respective ethyl esters) from the bee larvae. This blend 
signals nurse bees to cap the brood cell. Varroa mites are attracted toward the old larva 
by the blend of methyl esters (Frey et al., 2013). In addition, 2-hydroxyhexanoic acid 
from the larval food was found to attract the parasitic mite towards the brood cell (Nazzi 
et al., 2004). The mating behaviour of the mite inside the capped cell is initiated by a 
blend of fatty acids (oleic acid, palmitic acid and stearic acid) and their respective ethyl 
esters (Ziegelmann et al., 2013). These volatiles are produced by the young mature 
female which is why male varroa is not attracted to the old varroa female. 
There are also honey bee volatiles which act as repellents for varroa mites. For 
example, octanoic acid, found abundantly in royal jelly and scarce in worker/drone larval 
food, prevents varroa mites from entering queen cells (Nazzi et al., 2009). Furthermore, 
Varroa are repelled by geraniol and nerolic acid, as well as by (Z)-8- heptadecene 
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(Pernal et al., 2005) produced by the forager bees. This explains why the mites tend to 
parasitize more the nurse bees. 
Historically, Varroa destructor was believed to feed on the hemolymph of bees, 
but very recently, evidence has shown that fat body tissues are the major feeding zone 
for mites (Ramsey et al., 2019). Mites feeding on larvae, young bees and adult bees 
reduce the host body weight and nutritional content. These proceed into weakening of 
the host immune system and shortening of their lifespan, ultimately leading to a 
weakening of the colony and increased risk of winter loss or even colony collapse. The 
reduced immune response makes bees susceptible to several viruses like DWV and 
ABPV (Acute Bee Paralysis Virus). Recently, DWV has been transmitted all over the 
globe with the spread of the varroa mite. The replication of this virus, and the molecular 
mechanisms connecting honey bee, DWV and V. destructor are not well understood. 
The symptoms of DWV include wing deformities, abdominal swelling, paralysis, early 
death of developing bees, and learning difficulties. 
A 3% infestation rate (nine mites observed with a bee sample size of 300) 
determined by alcohol wash method is considered a heavy varroa infestation in British 
Columbia and leads to colony death within weeks if left untreated (Dietemann et al., 
2013; Ministry of Agriculture, BC, Bulletin 222, 2015.). To treat honey bee colonies 
against the varroa mite, various measures (discussed below) are taken by beekeepers, 
such as using synthetic and natural varroacides (compounds that selectively kill varroa 
mites) as well as biotechnical (non-chemical) and biological methods. Due to the 
overuse of varroacides, and lack of thorough examination of beekeeping practices, the 
parasitic mite has developed resistance to these compounds, making them less effective 
than they were before. 
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Figure 3. Chemical agents for Varroa control 
1.3. Necessity to develop new and efficient control agents 
against the varroa mite for integrated pest management 
In order to increase the survival rate of bees during the winter and to maintain 
strong colonies for emerging in the spring, the most important task of beekeepers is to 
treat the hives against varroa mite in late summer or early fall. Since the original spread 
of varroa to A. mellifera, various control strategies have been developed to mitigate the 
effects of V. destructor and save bee colonies. 
Chemical treatments (Figure 3), which include synthetic and natural acaricides 
(chemical agents developed to kill mites and ticks) and organic acids, are a commonly 
used control method against varroa because they are the most economical and least 
laborious. 
The pyrethroid Fluvalinate, the organophosphate Coumaphos as well as the 
formamidine Amitraz (Figure 3) are used as synthetic acaricides for controlling varroa 
mite populations. These acaricides are applied to the hives through fumigation, trickling, 
or infused in plastic strips. Bees pick up the active ingredient by rubbing against the 
strips and passing it throughout the hive by social contact, thereby killing the mites while 
they feed or when they are attached to adult bees. Fluvalinate being very effective at 
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selectively killing varroa mites, was used extensively for a long period, which resulted in 
the mites developing resistance towards this compound (Elzen et al., 2000; González-
Cabrera et al., 2016). Thereafter, other acaricides, like Coumaphos and Amitraz, were 
commercially available and used. However, due to their extensive usages, improper pest 
control management, and target mutation which resulted in the reproduction of acaricide-
tolerant mites, varroa mite populations are no longer affected by the application of these 
compounds (Maggi et al., 2009; Rinkevich, 2020). Furthermore, the residues of these 
synthetic compounds contaminate bee wax and honey as the compounds are 
hydrophobic in nature. This, in turn, enhances the development of resistance in the 
mites, because they are continuously exposed to a non-lethal dose (Traynor et al., 
2016). 
Thymol, an essential oil, has shown reduction of mites up to 90%, only at 
maximum temperature of 20-25° C. Thymol-based products are less effective below 15 
°C and cannot be applied at temperatures higher than 30 °C (Floris et al., 2004). If used 
at higher temperatures, it can irritate bees and being lipophilic, it can leave residues on 
the wax. 
Until now, organic acids like lactic acid, oxalic acid and formic acid have shown 
good efficacy at controlling mite populations. Lactic acid is used only for young and 
broodless colonies (Kraus & Berg, 1994). It is sprayed on each side of the comb any 
time around the year. However, this treatment is very laborious since each individual 
comb must be removed, checked for the brood absence, and sprayed on both sides. In 
order for organic acids to be effective, the knowledge of precise dosage is very important 
to avoid high bee mortality. Oxalic acid is best used for winter control in colonies without 
brood. It is dissolved in sugar syrup, and this solution is trickled between the combs, 
where bees can come in contact with it, and subsequently carry it throughout the hive. If 
oxalic acid is applied more than one time in short intervals, the growth of colony is 
slowed in the next spring and bee mortality increases (Gregorc & Planinc, 2001). Formic 
acid is found to be more effective than oxalic acid and lactic acid because it not only 
affects phoretic mites but also reproductive mites by penetrating through the capped 
brood cells. Formic acid is hydrophilic and volatile, so it does not accumulate in bee wax. 
Formic acid is only effective at ambient temperatures between 10-25° C. It is applied in 
late summer and requires multiple applications for greater effectiveness. The dose 
11 
needs to be carefully calculated, as higher concentrations harm the brood, and cause 
worker and queen deaths (Underwood & Currie, 2003). 
Biotechnical control can be performed any time during the year. One of the 
most effective methods is removal of drone brood comb during the entire drone brood 
rearing period (April to July). Mites prefer drone brood as compared to worker brood 
because the former is larger in size giving more time for the mites to reproduce. An 
empty drone frame is placed for the queen to lay the unfertilized eggs and later the 
sealed drone comb with mites can be cut off. This greatly reduces the mite numbers in a 
colony (Wantuch & Tarpy, 2009). Another technique is called queen caging for 
approximately 1 month, during the late summer. During this time, the reproduction cycle 
of varroa mites is interrupted, as less brood is available. This technique has proved 
effective, along with the application of oxalic acid (Gregorc et al., 2017). Although 
biotechnical control seems promising, it is very laborious. In addition, it needs to be 
accurately timed so that honey production is not affected, and less chances of queen or 
brood loss. 
Breeding of varroa resistant bees is another biological approach to controlling 
varroa mite infestation levels. A. mellifera has shown signs of Varroa-specific hygienic 
(VSH) behaviour as well as auto-grooming, but to a lesser degree in comparison to A. 
cerana (Kim et al., 2018). Bees having VSH behaviour are able to remove varroa-
infested pupae by opening a capped cell, thus interrupting mite reproduction. Breeding 
varroa-tolerant bees is a long-lasting solution for control of varroa mites. This technique 
considers bees that have survived with mite infestation for more than a decade. Bees 
showing grooming behaviour can remove a varroa mite from its body and by killing or 
injuring mites with its mandibles. The consequences of these behaviours can be 
observed on the hive floor or the bottom sticky board in the form of fallen and injured 
mites. Although the percentage of grooming in bees is variable, grooming bees can help 
remove mites during their transportation to brood cells, thereby slowing mite 
reproduction.  
Currently, there is no single method completely helpful in eradicating varroa 
mites from a bee colony. Mites have developed resistance to very well-known hard 
acaricides like Fluvalinate and Coumaphos. Amitraz is the only widely used varroacide, 
however, signs of mite resistance to amitraz have started developing (Rinkevich, 2020). 
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Additionally, Amitraz significantly alters honey bee cardiac function. Soft acaricides, like 
formic acid and oxalic acid, are still effective, but these organic acids can only be used 
seasonally, and both show negative effects on bees when used at the incorrect 
temperature. Biotechnical treatment of mites is very promising but very laborious. 
Furthermore, this treatment has to be accurately timed with bee hive development which 
can interfere with the activities of bees. Breeding VSH bees is a long-term promising 
approach against varroa infestation. 
Regardless of varroa control strategy, monitoring of mite infestation levels is 
essential for successful integrated management. Two methods are widely used: 1) sugar 
dusting of combs or 2) alcohol wash of a representative sample of bees taken from the 
brood area. In method 1, powdered sugar is dusted onto the surfaces of all combs in a 
colony and the combs are placed back in the colony. A clean monitoring board is placed 
under the colony to capture the falling mites. The total number of fallen mites are 
counted. In method 2, a representative sample of 100-300 bees is collected from a comb 
with brood (but not with the queen), ethanol or isopropanol is added to the bees and they 
are shaken to dislodge the mites. The numbers of mites and bees are counted, and a 
percent infestation level is calculated. 
1.4. Objectives of this thesis 
Varroa destructor became resistant to Fluvalinate in 1985 (Lodesani et al., 1995). 
Thereafter, resistance to Coumaphos and Amitraz were reported (Elzen et al., 2000; 
Rosenkranz et al., 2010). Since then, no new synthetic acaricides have come to the 
market. The search for new compounds with multiple target mechanisms to treat varroa 
mites is quite intensive for integrated pest management. We found 1-allyoxy-4-propoxy 
benzene, 3c{3,6} (Figure 4) to be acaricidal. The objective of my thesis is to compare the 
acaricidal activity of 3c{3,6} with the structurally related compounds and study the effect 
of different concentrations of the active compound 3c{3,6} on the paralysis and mortality 
of mites. We are interested to know the binding target of 3c{3,6} in the body of mites. 
Therefore, we synthesized fluorescent probes (Figure 4) to locate in which parts of the 
mites 3c{3,6} binds. 
13 
1.5. Thesis Overview 
A critical aspect of my work involves the discovery of the acaricidal activity like 
paralysis and death, of compound 1-allyoxy-4-propoxy benzene, coded as 3c{3,6} 
(Figure 4) on the mites. 
My research involves two parts. The first part investigates the efficacy of 3c{3,6} 
in comparison with other structurally-related compounds (Figure 5). The second part 
focuses on the design and synthesis of four fluorescent probes (described below) to 
identify the location of binding site(s) of 3c{3,6} in the mites. In this thesis, 3c{3,6} is 
explored as a new potential control agent against varroa mites. The reason for the 
choice of this compound is its previous multiple biological activities against insects. For 
example, 3c{3,6} was shown to be the most effective (100%) feeding deterrent against 
the cabbage looper, Trichoplusia ni (Akhtar et al., 2010; Cameron et al., 2014), from a 
set of > 50 structurally related compounds. In another study, 3c{3,6} demonstrated 
repellent activity against the malaria mosquito, Anopheles gambiae (Hodson et al., 
2016). 
In Chapter 1, various direct and indirect factors leading to decline in bee 
populations were discussed in detail. The synchronized life cycle of varroa mite was 
discussed. This chapter introduced all the available varroa control treatments and the 
disadvantages related to the application of these treatments. The development of 
resistance to acaricides in varroa mites has encouraged researchers to research new 
varroa control agents. 
In Chapter 2, fifteen different compounds were screened in dish assays where 
mite paralysis and death were monitored. From the assays, 3c{3,6} had similar activity of 
paralyzing and killing Varroa mites as thymol, which is currently used as effective varroa 
control agent. The structure-activity relationship obtained from these studies indicates 
that both the allyloxy and the propoxy substituents are required for activity and that they 
need to be oriented para to each other. 
To check if paralysis by compound 3c{3,6} is due to an effect on acetylcholine 
esterase, AChE, the Ellman assay was performed on V. destructor acetylcholine 
esterase (VdAChE). As a positive control, DEET, a known AChE inhibitor of insects and 
mammals (Corbel et al., 2009), was included as a comparison. No inhibition of VdAChE 
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was found in these studies, which suggests that VdAChE is not the target site of 3c{3,6}. 
This promoted design of 3c{3,6} derived fluorescent probes (Chapter 3) to visualize and 
identify the binding location(s) of 3c{3,6} compound in the mite body. 
In Chapter 3, the successful synthesis of four fluorescent probes: 5-ROX probe-1 
(12), 6-FAM probe-2 (13), 5-ROX probe-3 (24) and 6-FAM probe-4 (25) (Figure 4) was 
described and discussed. The majority of the investigation was focused on building the 
regiosiomers (22 and 23) (Figure 4) for the synthesis of fluorescent probes-3 and -4. 
Applying the versatile copper click reaction conditions resulted in fluorescent probes 
which were all purified by reverse-phase HPLC. The activity 3c{3,6} derived fluorescent 
probes in comparison with the fluorescent-free 3c{3,6} was verified by contact assays 
with mites, exposed to various concentrations of the probes. From these assays, 5-ROX 
probe 1 and 6-FAM probe-2 were shown to be more active than 5-ROX probe-3 and 6-
FAM probe-4. Interestingly, 6-FAM probe-2 was as effective as 3c{3,6}. 
In Chapter 4, the probes 1-4 were applied in microscopy studies with mites, to 
determine where in the mite the compounds bind. The images obtained suggest that the 
probes bind to structures in the central nervous system and the muscles of the mites. 
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Figure 4. Structures of 3c{3,6}, 3c{6,6} and 3c{3,6} related fluorescent probes 
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Chapter 2.  
 
The effects of 1-allyloxy-4-propoxybenzene on 
Varroa mites and Varroa acetylcholinesterase 
(VdAChE) 
2.1. Background studies on biological activities of 3c{3,6} 
towards insects 
The activity of compound 3c{3,6} against V. destructor is explored because of its 
historical biological activities observed against various insects. Compound 3c{3,6} was 
the leading antifeedant for the cabbage looper, Trichoplusia ni from a screen of a 
dialkoxybenzene library (Akhtar et al., 2010). In dose responses, 3c{3,6} exhibited the 
lowest DC50 value of 0.5 µg/cm2, the DC50 value being the concentration causing 50% 
feeding deterrence compared with the control. In comparison, the highest DC50 value of 
47 µg/cm2 was detected by DEET (N, N-diethyl-meta-toluamide) (Akhtar et al., 2010), a 
widely used insect repellent (Durrheim & Govere, 2002). In later studies, 3c{3,6} showed 
higher feeding deterrence against T.ni when combined with Aza A (from the neem tree) 
as well as TreeAzin (from the neem seed extract containing 5% Aza A) than the 
individual components (Cameron et al., 2014). Furthermore, compound 3c{3,6} showed 
comparable response in mosquito-repellent assays as DEET (widely used mosquito 
repellent) against malaria mosquito, A. gambiae (Hodson et al., 2016). Recently, 3c{3,6} 
was discovered to slow the motion of mites reaching any of the hosts (nurse or forager 
bees) (Singh et al., 2020). Previous studies reported that varroa mites have a preference 
for a nurse bee over a forager bee in a two choice bioassay (Eliash et al., 2014). 
Interestingly, in (Singh et al., 2020), 47% of mites that managed to reach any bee host in 
2 h, in the same two choice bioassay, mostly favored a forager bee and not a nurse bee. 
2.2. Collection of bees and mites and keeping of 
experimental mites on live bees 
Collection of bees and mites: Bees and mites for the experimental bioassays 
were collected by the icing sugar method (Dietemann et al., 2013) with little modification, 
from an apiary in Langley, BC, Canada and one colony in Port Moody, BC, Canada. 
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Briefly, a bottom board was placed beneath the comb to collect varroa mites falling after 
sprinkling sugar on each frame. The queen was first identified and carefully placed in a 
safe cage before starting the icing process. Each brood frame received powdered sugar 
on both sides by a tea strainer. The bottom board was removed after about 15 min, once 
all the frames had been sprinkled with sugar. Free moving varroa mites were collected 
from the bottom board by a fine paint brush and kept in a small 20 mL glass jar. The total 
number of mites collected from the icing sugar method was recorded to track the mite 
infestation level of the colonies. Additionally, 300-500 live bees were collected for the 
bioassays in a bee-collection jar which had a sugar patty for feeding bees. 
Keeping of experimental mites on live bees: The bees and mites collected 
from the fields, were brought to Simon Fraser University (SFU). At SFU, 5-8 mites were 
placed on each live bee and ~ 20-25 bees were kept in a plexiglass hoarding cage 
labelled as “mite-infested bees”. Another cage labelled as “non-infested bees” consisted 
of ~35-50 live bees taken directly from the field. All the cages received sugar syrup and 
were kept in incubators at 29-30 °C. Incubators had beakers with water to maintain 
humidity ~ 40-70%, which is relative to the bee colonies. Mites were collected from the 
mite-infested cage for the bioassays. Bees were freshly frozen at -79 °C. Freshly thawed 
bees were cleaned to remove any mites present (checked under microscope), before 
using the bees for the experiments. 
2.3. Experimental design 
2.3.1. General experimental design 
Experiments regarding the structure activity relationship as well as dose 
responses of mite paralysis and mortality were performed in 9 cm glass Petri dishes. 
Two types of assay were performed: 1) assays in which the test compound was placed 
on a parafilm square roughly 2x2 cm placed on the inner side of the lid of the dish, and 
2) assays in which the compound was applied in a solvent (0.1 L of solution) directly on 
a mite. 
The parafilm in all experiments of type 1 received either compound dispensed in 
10 µL of hexane or 10 µL of hexane (blank), using a glass syringe (Hamilton, Reno, 
Nevada). In contrast, the mites in the contact assay (type 2), directly received 0.1 µL of 
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the compound or control (ethanol) using 1 µL glass syringe (Hamilton, Reno, Nevada). 
The solvent was evaporated for 15-30 seconds and the dishes were closed. 
Mites were collected from the cages named “mite-infested bees”. As soon as the 
live mites and freshly thawed bees were placed in the dishes, the set-up was kept in the 
incubator at 29-30 °C and ~ 40%-70% humidity. The temperature and humidity were set 
relative to that found in the bee hives. The control and compound treatments received 
separate incubators. The number of mites and bees, and the location where the mites 
were placed in the dish, are discussed below for each experiment. Observations were 
recorded at various time intervals from 2 h to 6 h (stated below in each experiment). 
Mites were observed for their location in the dish (glass or under bee) or on bee 
(abdomen or non-abdomen, that is, thorax, legs, or on bee parts other than abdomen). 
The ability of mites to move was determined by touching with a fine paint brush. Mites 
were scored paralysed or dead based on their ability to move. Paralysed mites had 
difficulty in moving and their body was upside down with slow leg movements. Mites not 
moving when probed with a fine brush were scored as dead. 
2.3.2. Choice of different 3c{3,6} and related compounds for 
structure- activity studies 
Compound 3c{3,6} exhibited promising activities ranging from feeding deterrence 
and repellency in insects to causing paralysis and death in varroa mites. We jointly 
determined in the summer of 2018, that compound 3c{3,6} does not alter the host choice 
of the mite. Therefore, structure activity assay (discussed below) was performed to 
evaluate the activities like paralysis and death of mites when exposed to 3c{3,6} and 
compounds structurally related to 3c{3,6} (Figure 5). 
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Figure 5. Compounds tested for structure-activity relationship. Codes 2, 3, 4, 
n5 and 6, and a, b and c are designated based on the alkyl groups 
attached to oxygen and position of the alkoxy groups on benzene 
ring, respectively. Ethyl (code 2), propyl (code 3), n-butyl (code 4), n-
pentyl (code n5), allyl (code 6), and c- para, b- meta, a- ortho. The 
number 3 before the letter (a, b and c) indicates both the alcohol 
groups of the dihydroxybenzene starting material are substituted. 
For the structure-activity relationship assay, fifteen compounds (Figure 5) that 
were structurally related to 3c{3,6} were chosen. The codes 2, 3, 4, n5 and 6 were 
designated to the alkyl groups attached to oxygen and a, b and c were assigned 
depending on the relative positions of the alkoxy groups on the benzene ring (Paduraru 
et al., 2008). For example, ethyl (code 2), propyl (code 3), n-butyl (code 4), n-pentyl 
(code n5), allyl (code 6), and para (3c), meta (3b) and ortho (3a). The number 3 before 
the letter (a, b and c) indicates both the alcohol groups of the benzene ring are 
substituted Thymol, an effective varroa control agent, was a positive control in the 
structure-activity assay. DEET was chosen as a comparison because DEET and 3c{3,6} 
had a similar mosquito repellence activity (Hodson et al.,2016) and 3c{3,6} had a 
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stronger feeding deterrence ability than DEET (Akhtar et al., 2010; Cameron et al., 
2014). Thymol, DEET and 3c{3,6} all have hydrophobic alkyl moieties and an aromatic 
ring. The 3a, 3b and 3c library of compounds had either propyl and/or allyl groups except 
3c{4,n5} and 3b{2,2}. The variation in alkyl groups was chosen to evaluate the effect of 
chain length or saturation (in the case of the allyl group) on activity, whereas the 
variation in relative position (ortho, meta or para) was chosen to assess the effect of 
isomerism in the 3a/b/c{3,6} series on activity. Compound 3b{2,2} changed the 
preference of hoist choice in the mites (Eliash et al., 2014), whereas DEET did not do so 
but delayed the host choice (Singh et al., 2015). Therefore, we included 3b {2,2} to 
further explore its effects on the paralysis and death of mites 
2.3.3. List of specific experiments, compounds tested and statistical 
analysis 
Table 1. Summary of all the bioassays with bees and mites, including 
compounds tested, and statistical analysis 
Number Experiment Name  Compounds tested Statistical Analysis 
1. Structure activity relationship assay 







Thymol, DEET and 
3c{2,3} 
One-way ANOVA, 
Dunnett post test 
2. Structure activity relationship assay 
for location of mites 
Above mentioned 15 
compounds 
One-way ANOVA, 
Tukey post test 
3. Dose response model, 3 h 3c{3,6} and 3c{6,6} GraphPad prism non-
linear regression, 
within the 95% Cl 
4. Dose response, 5 h 3c{3,6} and 3c{6,6} Student’s T-test 
5. Contact assays with the mites 3c{3,6} and 3c{6,6} Two-way ANOVA, 
Bonferroni post test 
6. Contact assays with the mites for the 
location of mites 
3c{3,6} and 3c{6,6} One-way ANOVA, 
Tukey post test 
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2.3.4. Structure activity relationship assay to screen the potency of 
3c{3,6} and related compounds on varroa mite 
Structure activity relationship (SAR) assay was designed to study the acaricidal 
activity of paralysis and death of mites on exposure to 3c{3,6} and the compounds 
structurally related to 3c{3,6}. For this assay, 15 compounds (Figure 5) each at 5 
µmol/10µL concentration were used. The parafilm received 10 µL of control (hexane) or 
treatments (3c{3,6}, 3c{6,6}, 3c{3,3}, 3a{3,6}, 3b{2,2}, 3c{2,6}, 3c{4,6}, 3c{n5,6}, 3c{3,4}, 
3c{3,n5}, 3c{4,n5}, 3b{3,6}, Thymol, DEET and 3c{2,3}) and solvent was left to 
evaporate for 15-30 seconds. Next, two fresh freeze-killed bees were placed on the 
opposite sides of the dish, ~1-1.5 cm from the centre of the dish. Five mites were placed 
in the middle of the dish. The location of the mites (on bee or on the dish) and paralysis 
or death of mites were recorded at 3 h and 5 h. Nine replicates of 3c{3,6}, 3c{6,6}, 
3c{3,3}, 3a{3,6} and 3b{2,2}, and six replicates of 3c{2,6}, 3c{4,6}, 3c{n5,6}, 3c{3,4}, 
3c{3,n5}, 3c{4,n5}, 3b{3,6}, Thymol, DEET and 3c{2,3}) were performed. Each replicate 
had one dish consisting of two bees and five mites. 
2.3.5. Effect of different doses of 3c{3,6} and 3c{6,6} and their blends 
on the paralysis and mortality of mites 
Compounds 3c{3,6) and 3c{6,6} were used at doses 1 ng, 10 ng, 100 ng, 1 µg, 
10 µg, 100 µg, 200 µg, 1 mg and 10 mg to determine the efficacy of each treatment at 3 
h and 5 h. 10 µL of control (hexane) or treatment (3c{3,6} or 3c{6,6}) was dispensed on 
the parafilm of the glass dish. Following solvent evaporation, one freshly thawed nurse 
and one forager bees were placed ~ 5 cm apart from each other and at equal distance 
from the centre of the dish. Next, a mite was placed in the middle of the dish between 
the bees and the lid was closed. The dishes were placed in the incubators. Paralysis and 
death of mites were observed at 3 h and 5 h. 
In order to study the effect of paralysis and death of mites on mixing two 
compounds, 3c{3,6} and 3c{6,6}, an assay was performed under same experimental 
design as described above for the effect of different doses of 3c{3,6} and 3c{6,6}. The 
two compounds were tested individually at 0.5 mg and 1 mg, and in a 1:1 mixture at 0.25 
mg each. Observation for paralysis and death of mites were recorded at 3 h and 5 h. 
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2.3.6. Dose response of 3c{3,6} and 3c{6,6} on the mites in the 
absence of bees 
The effect of 3c{3,6} and 3c{6,6} in the absence of bee odours was observed in 
dish assay with no bees. 10 µL of control (hexane) or treatment (3c{3,6}, 3c{6,6} and 1:1 
blend of 3c{3,6} and 3c{6,6}) was dispensed on the parafilm inside the dish. Four doses 
of each treatment, 0.2 mg, 0.5 mg, 1 mg and 10 mg were tested. After solvent 
evaporation, 5 mites were placed in the centre of the dish (without bees), and the lid was 
closed. Mite paralysis and death were checked every 30 min, for 4.5 h after initial 
exposure. 
2.3.7. Contact assays of 3c{3,6} and 3c{6,6} with the mites 
This assay was designed to check the efficacy of 3c{3,6} and 3c{6,6} when the 
mites come in contact with the solid particles of these compounds. 5 mites were placed 
on one weighing paper. Each mite received 0.1 µL of ethanol (control) or treatment 
(3c{3,6} or 3c{6,6}) dissolved in ethanol. Each treatment had a new weighing paper. 
Different concentrations of treatments ranging from 1µg/0.1µL to 10ρg/0.1µL were 
prepared by serial dilution from stock 10mg/mL. Concentrations 1µg/0.1µL, 100ng/0.1µL, 
10ng/0.1µL, 1ng/0.1µL, 100ρg /0.1µL and 10ρg/0.1µL were used. After solvent 
evaporation, mites were placed on freshly freeze-killed bee abdomen. For a given 
concentration, five replicates were set up and one replicate consisted of a petri dish with 
five mites and five bees (one mite on each bee abdomen). Mites were observed at 2, 3, 
4, 5 and 6 hours for paralysis or death, and location on the dish or bee (abdomen or 
non-abdomen). 
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2.4. Results and Discussion 
2.4.1. Structure activity relationship assay to screen the potency of 




























































































































































































































Figure 6. Structure-activity relationship survey of 3c{3,6} and other 
structurally related compounds against varroa mites. Bars represent 
the percentage mortality of five varroa mites/replicate on exposure 
to the treatments at 3 h and 5 h. Data are plotted as means ± S. E. of 
6-9 replicates. Means of each treatment are compared to that of 
control using one-way analysis of variance followed by the Dunnett 
test (*p<0.05; **p<0.01;***p <0.001).1 
The structure-activity relationship assay (Figure 6) for acaricidal activity revealed 
that 3c{3,6} had notable percentage of mite mortality similar to the widely used varroa 
control agent thymol (positive control) when mites were exposed at 3 h and 5 h to the 
treatments (Dunnett test, ***p < 0.001). Treatments other than 3c{3,6} and thymol, did 
not show activity different than control (hexane) at 3 h. Three other compounds 3c{6,6}, 
3c{3,3} and 3c{2,6}, also showed significantly higher percentage of mite mortality as 
compared to control (Dunnett test*p<0.05; **p<0.01) at 5 h. All the treatments were 
applied at 5 µmol/10µL concentration. The treatments are all structurally related to 
3c{3,6}, containing ethyl (code 2), propyl (code 3), n-butyl (code 4), n-pentyl (code n5) 
and allyl (code 6) groups attached to the oxygen atoms (Figure 5). Larger groups, n-
butyl (code 4) and n-pentyl (code n5), and the smaller group, ethyl (code 2) were not 
connected with activity, even if there was a second substituent (either propyl or allyl) 
 
1 This experiment was performed with help from Dr. J. Macias Samano (collection of mites and 
bees) and Dr.E. Plettner (initial data analysis and some figure preparation). 
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within the range of acaricidal activity. The exception was 3c{2,6}, which showed around 
40% mite mortality at 5 h exposure. All of the above compounds were para substituted. 
The non-para substituted compounds 3a{3,6} (ortho) ,3b{2,2} (meta) and 3b{3,6} (meta) 
(Figure 5) were inactive. 3b{2,2} and DEET, which were previously discovered to alter 
the host choice behaviour of the varroa mite, were not active. 
 
Figure 7.  Structure-activity relationship of 3c{3,6} related compounds against 
varroa mites. Points represent the number of dead mites out of 5 
mites/replicate at 3 h and 5 h of exposures, against the treatments. 
3c compounds are arranged in between negative control (hexane) 
and positive control (thymol). Data represents average values of 6-9 
replicates. 
The number of dead mites increased (Figure 7) when the second substituent at 
the para position is changed from n-butyl (code 4), n-pentyl (code n5) and propyl (code 
3) groups to allyl (code 6) group at 5 h. All the compounds had one substituent either 
propyl (code 3) or allyl (code 6). 3c{4,n5} which did not have any propyl (code 3) or allyl 
(code 6) was inactive, similar to the control. Activity of 3c{6,6} (two allyl (code 6) groups) 
and 3c{3,3} (two propyl (code 3) groups) increased at 5h. 3c{3,6} (one propyl (code 3) 
and one allyl (code 6) ) showed higher activity than other treatments and this activity was 
close to thymol (positive control). We, therefore, observe a clear structure-activity 
relationship for the acaricidal activity. A compound must have propyl (code 3) and allyl 










































































































































































































































































































Figure 8. Structure-activity relationship of 3c{3,6} and related compounds 
against varroa mites for the location of the mites on bee (abdomen, 
or non-abdomen) or glass dish at 3 h and 5 h of exposure to the 
treatments. Bars represent means ± S. E of 6-9 replicates and each 
replicate has five mites. The number of mites on bee abdomen, 
glass and bee non-abdomen for all the treatments are compared to 
the number of mites on bee abdomen, glass and bee non-abdomen 
of control using one-way analysis of variance followed by the 
Tukey's test (*p<0.05; **p<0.01; ***p <0.001 for bee abdomen, Ip<0.05; 
IIp<0.01; IIIp <0.001 for glass and Δp<0.01 for bee non-abdomen). 
We recorded the location of the mites on exposure to the 15 treatments or control 
(hexane) at 3 h and 5 h. The observation was whether the mites were found on the bee 
abdomen or on the surface of the glass dish or on non-abdominal parts of the bee 
(thorax, legs, proboscis or head). In treatments 3c{3,6}, 3c{6,6}, 3c{3,3}, 3a{3,6} and 
thymol, mites were found away from the bee abdomen, at 3 h and 5 h (Figure 8) 
(Tukey's test, *p<0.05; **p<0.01;***p <0.001). Compound 3c{2,6} was able to keep mites 
away from bee abdomen at 3 h exposure time and not at 5 h. All the treatments have 
either propyl (code 3) or allyl (code 6) or both and are para except 3a{3,6} which is ortho. 
In addition to keeping mites off the bee abdomen, 3c{6,6}, 3a{3,6} and thymol showed a 
significant number of mites on the glass surface of the dishes at 3 h and 5 h. 3c{3,3} 
significantly increased mite numbers on glass at 5 h (Tukey's test, Ip<0.05; IIp<0.01; IIIp 
<0.001). Noticeably, all these compounds have either propyl (code 3) or allyl (code 6) 
groups. The number of mites on bee’s non-abdominal parts was significantly different in 
3c{3,n5} treatment at 3 h, and this compound has one propyl (code 3) at the para 
position. (Tukey's test, Δp<0.01) 
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Compounds 3c{3,6}, 3c{6,6} and 3c{3,3} paralyzed and eventually killed varroa 
mites (Figures 6 and 7), and they were also effectively keeping mites away from the bee 
abdomen, similar to thymol (a known varroa control agent) (Figure 8). We believe that 
the active compounds are efficient at paralysing and killing varroa mites by not allowing 
the mites to reach bee abdomen, which houses the fat body, a major feeding site for 
mites. This results in the fasting and weakening of mites, eventually killing the mites. 
2.4.2. Effect of different concentrations of 3c{3,6} and 3c{6,6} and 
their blends on the paralysis and mortality of mites 
 
Figure 9.  Dose response model of 3c{3,6} and 3c{6,6}. Points represent the 
the net number of mites paralyzed and dead (Net P+D), obtained by 
subtracting the total number of mites paralyzed and dead at 3 h of 
exposure to 3c{3,6} and 3c{6,6} from the number of mites paralyzed 
and dead in the control. Data are plotted as average of 2-5 replicates 
per dose ± S.E. The black curve shows the calculated dose 
response, based on the EC50 and the activity range, obtained from 
GrpahPad prism non-linear regression. The blue curve represents 
the low activity model, whereas the red curve shows the high 
activity model within the 95% confidence limits (CI).2 
The dose response model (Figure 9) is a three-parameter dose-response curve. 
Dose response data (Net P+D) vs log of dose were fit with a sigmoidal dose-response 
equation in GraphPad Prism (Eq. 1), where E is the activity, “top” refers to the value of 
the activity at the high plateau of the sigmoidal curve and “bottom” refers to the activity at 
the low plateau, logx is the logarithm10 dose of the compound in µg dose and EC50 is the 
dose at which 50% activity is attained. The "bottom" part of the fitted curve was not 
 
2 This experiment was performed with help from Ms. H. Kim (mite collection and setup) and Dr. E. 
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forced through zero, so a small residual net death+paralysis (Net P+D) is observed, 
within the limits of error of the experiment, likely because the mites can be stressed 
under the experimental conditions. 
E = Bottom+(Top-Bottom)/(1+10^(logEC50-logx)) ……. Eq. 1 
The EC50 (Figure 9) for 3c{3,6} was 41.5 µg/assay dish, whereas the EC50 for 



























































































Figure 10. A. Dose response effect of 3c{3,6} and 3c{6,6} on the paralysis and 
death of mites . Points represent the total number of mites paralyzed 
and dead (P+D) out of five mites at 5 h of exposure to 3c{3,6} and 
3c{6,6}. Data are plotted as means ± S. E. of 2-5 replicates. Means of 
3c{3,6} are compared to means of 3c{6,6} using Student’s T-test (*p 
<0.05). B. Blend effect of 3c{3,6} and 3c{6,6} on the net number of 
mites paralyzed and dead (Net P+D) obtained after substracting the 
total of paralyzed + dead mites from the number of mites paralyzed 
and dead in the control. Bars represent the average of 2 replicates ± 
the SE. 
Compound 3c{3,6} at a dose of 10 µg showed noticeable activity of paralysis and 
death of mites when compared with 3c{6,6} (Student’s T-test, *p <0.05). A dose of 10 µg 
of 3c{3,6}, administered on the lid of the assay dish (Figure 10A) affected 60% of the 
mite population, whereas less than 20% of mites were paralysed and killed by the same 
concentration of 3c{6,6} (Figure 10A). Figures 9 and 10A clearly show that 3c{3,6} has 
faster activity than 3c{6,6} within 3 h exposure, and therefore we do not observe 
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significant difference in the activities of the two compounds at 5 h at all the doses tested 
except for the 10 µg dose. Compounds 3c{3,6} and 3c{6,6} both had shown acaricidal 
activity in the SAR assay (Figure 6) and therefore, we tested the mixture of the two 
compounds to check for the synergism in the activity. The results (Figure 10B) show that 
there is no synergism in the activity of net paralysis and death of mites on combining the 
two compounds. 
2.4.3. Dose response of 3c{3,6} and 3c{6,6} on the mites in the 
















































































Figure 11. Effect of 3c{3,6} and 3c{6,6}, as well as a 1:1 blend of the two 
compounds 3c{3,6} and 3c{6,6} on the percentage of paralysis and 
death (%P+D) of mites observed every 30 min, till 4.5 h. Bars 
represent data from one replicate of the experiment. One replicate 
consisted of a petri dish with five mites and no bees 
Similar to the results of blend data (Figure 10B), mixing the two treatments 
3c{3,6} and 3c{6,6} did not show synergism in the assays conducted without bees 
(Figure 11). In addition, the mixture of 3c{3,6} and 3c{6,6} resulted in the dilution of 
29 
acaricidal activity of the more active compound. 3c{6,6} showed activity only at the high 
concentrations of 1 mg and 10 mg. It was confirmed here too, that 3c{6,6} is less active 
than 3c{3,6}. 
2.4.4. Contact assays of 3c{3,6} and 3c{6,6} with the mites 



















































































Figure 12. Dose response of 3c{3,6} and 3c{6,6} on the net paralysis and death 
(Net P+D) of mites on exposure to the treatments at 3, 4, 5 and 6 
hours. Bars represent the number of mites paralyzed and dead by 
the treatment, minus the number of mites paralyzed and dead, from 
the control. Five varroa mites/replicate are used. Data are plotted as 
means ± S. E. of 5 replicates. Means of each dose of 3c{3,6} are 
compared to that dose of 3c{6,6} at a particular time by two-way 
ANOVA followed by the Bonferroni test (*p<0.05; **p<0.01; ***p 
<0.001). 
A contact assay (Figure 12) was performed to study the effect of different doses 
of treatments (3c{3,6} and 3c{6,6}) when mites come in physical contact with solid 
particles of the compounds. With increase in time and dose, the number of net paralysis 
and death of mites increased, on contact with 3c{3,6}. The activity of 3c{3,6} was higher 
than 3c{6,6} at all doses other than the highest dose of 1 µg treatment at 6 h. At 4 h and 
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5 h, 3c{3,6} showed higher number of net paralysis and death of mites than 3c{6,6} at 
doses 1 ng, 100 ng and 1000 ng. A dose of 10 ng of 3c{3,6} was more effective at 5 h 
than at 4 h as compared with the same dose of 3c{6,6}. The activity of 3c{3,6} was 
greater than 3c{6,6} at the highest dose of 1 µg at 3 h treatment (Bonferroni test 




















































































































Figure 13. Structure-activity relationship of 3c{3,6} and 3c{6,6} against varroa 
mites for the location of the mites on bee (abdomen, or non-
abdomen) or glass dish at 2 h and 6 h of exposure to the treatments. 
Bars represent means ± S. E of 5 replicates and each replicate has 
five mites. The number of mites on bee abdomen, glass and bee 
non-abdomen for 3c{3,6} and 3c{6,6} are compared to the number of 
mites on bee abdomen, glass and bee non-abdomen of control using 
one-way analysis of variance followed by the Tukey's test (*p<0.05; 
**p<0.01; ***p <0.001 for bee abdomen, IIp<0.01; IIIp <0.001 for glass 
and ΔΔp<0.01 for bee non-abdomen). 
In contact assays (Figure 13), the mites treated with different doses of 3c{3,6} 
and 3c{6,6} were initially placed on the bee abdomen. Compound 3c{3,6} at doses 0.1 
ng, 1 ng and 1000 ng significantly reduced the number of mites on the bee abdomen 
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within 2 h. A significant number of mites was observed on the glass dish by 3c{3,6} at 
doses 1 ng and 1000 ng in 2 h treatment. Compound 3c{6,6} kept lesser mites on the 
bee abdomen than control at 1000 ng dose, and at 100 ng dose, it showed more number 
of mites on non-abdominal parts of the bees than that in the control. Within 6 h, 3c{3,6} 
kept more mites on the glass surface than control at all the doses,and that 3c{3,6} did 
not allow the mites to stay on the bee abdomen except for 0.1 ng. On treatment with 
3c{6,6}, significantly less number of mites were on the abdomen of bees at dosses 0.1 
ng, 1 ng, 100 ng and 1000 ng within 6 h. Compound 3c{6,6} also showed more mites on 
the non-abdominal parts of bees than control at doses 0.01 ng and 100 ng. It is 
interesting to note that the mites placed on the abdomen of bees (a major feeding site of 
the mites), were not able to hold grip of the bee abdomen when treated with 3c{3,6} and 
3c{6,6}. Compounds 3c{3,6} and 3c{6,6} paralyzed the mites, which is why the fallen 
mites did not reach the bees again and were observed mostly on the glass surface. 
2.5. Ellman assay to monitor the effect of 3c{3,6} on Varroa 
acetylcholinesterase (VdAChE) 
2.5.1. Introduction 
Acetylcholine esterase and its mechanism of action 
Acetylcholine esterase (AChE) is a serine hydrolase, primarily located at 
neuromuscular and cholinergic neuronal synapses in the brain. The principal role of 
AChE is the termination of synaptic impulse transmission by catalytic hydrolysis of the 
neurotransmitter acetylcholine (ACh) to choline and acetic acid (Figure 14) (Čolović et 
al., 2013). 
 
Figure 14. AChE catalytic hydrolysis of acetylcholine to choline and acetic 
acid. 
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Acetylcholine esterase, a target of carbamate and organophosphate 
insecticides 
The inhibition of AChE obstructs its ability to hydrolyse ACh. This results in the 
accumulation of ACh in the central nervous system and at neuromuscular junctions. In 
addition, this over-stimulates acetylcholine (ACh) receptors interfering with 
neurotransmission (Čolović et al., 2013). The distinctive symptoms of the inhibition of 
AChE are uncontrolled muscle movements leading to weakness, stimulated brain 
functioning, anxiety and sweating. Acute inhibition can have respiratory failure and 
unconsciousness, eventually resulting in death (Costa, L. G., 2006). Therefore, AChE is 
one of the major or peripheral target sites of many carbamates and organophosphates, 
commonly used as insecticides and pesticides in agriculture (Mladenović et al., 2018). 
3c{3,6} and 3c{6,6} had promising acaricidal effects (paralysis and death) on 
mites. Therefore, we tested the effect on these compounds on varroa acetylcholine 
esterase (VdAChE) to check for AChE as the target of 3c{3,6} and 3c{6,6}. DEET was 
included as a comparison for two reasons: 1) DEET is known to inhibit the activity of 
AChE in insects and mammals (Corbel et al., 2009), and 2) DEET (Singh et al., 2015) 
and 3c{3,6} (Singh et al., 2020) both caused a delay in host choice in mites, observed in 
host choice assays done early on in this research. Hence, DEET was used as a positive 
control. Compound 3b{2,2} shifted the host choice of the mites from a nurse bee to a 
forager bee (Eliash et al., 2014), and therefore, was included in AChE assay to check for 
its inhibitory effect on VdAChE. 
2.5.2. Materials and Methods 
The Ellman assay (Ellman et al., 1961) is a widely used method to monitor the 
inhibitory effect of various drugs on AChE. The assay makes use of acetylthiocholine, 
which is reacted with 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB) to produce a yellow 
colored product whose appearance is easily monitored at 420 nm (Figure 15). This 
assay was used here to study the effects of 3c{3,6}, 3c{6,6}, DEET and 3b{2,2} on the 
AChE extracted from the whole body of varroa mites (VdAChE). 
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Figure 15. Ellman assay reactions to detect the activity of AChE  
Materials: Sodium phosphate buffer pH 7.6, 100 mM, was used to make 1 mM 
stock solution of acetylthiocholine iodide substrate, and 10 mM stock solution of 5,5’-
dithiobis-(2-nitrobenzoic acid) (DTNB), known as an Ellman reagent, to generate a 
yellow coloured 5-thio-(2-nitrobenzoic acid) (TNB) on hydrolysis of every 
acetylthiocholine by VdAChE (Figure 15). 18 mM NaHCO3 was added to the DTNB 
stock. The yellow TNB was quantified in a UV-vis spectrophotometer by measuring the 
absorbance of visible light at 420 nm, using an extinction coefficient of 11,792 cm-1 M-1, 
both values were optimised previously in our group3. Stock solutions of 25 mM, 50 mM, 
and 150 mM of test compounds (3c{3,6}, 3c{6,6}, DEET and 3b{2,2}) were dissolved in 
ethanol, and 55% Tween 20 (v/v) was added to prevent precipitation of test compounds 
during runs (Tween 20 concentration was optimised by a previous group member). 
Isolation of AChE from Varroa mites: Adult female varroa mites were collected 
from mite infested comb from Langley, BC, Canada. Mites were removed from emerging 
bees or from brood cells with a fine paint brush. All the mites were directly placed in 
Eppendorf tubes, flash frozen and stored at -79 °C until use. We used 380 mites in this 
assay. 
 
3 Ms. M. O’Neil performed the optimization of the Ellman assay in our laboratory. 
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Whole varroa mites were used for extracting Varroa AChE (VdAChE) because of 
small size of the mite (1–1.8 mm long and 1.5–2 mm wide, Roth et al., 2020). The mites 
and extracts were kept on ice. First, varroa mites were homogenized in a sterilized 
Eppendorf tube using a sealed glass pipette as a pestle. Phosphate buffer pH 7.6 in 1% 
Triton X-100 was used as a homogenizing solution (5 µL homogenizing solution per 
mite). The homogenate in the Eppendorf tube was sonicated (Branson Ultrasonic, fitted 
with a micro tip) and centrifuged at 15,000 × g for 5 min at 4 °C for the pellets to settle 
down. The supernatant was transferred using micropipettes into sterile Eppendorf tubes. 
The first extraction was done with one third of the total homogenizing solution. The 
above procedure was repeated for the second extraction and the pellets were placed in 
the 3 mL glass homogenizer for the last extraction. All the supernatants were collected in 
one tube and centrifuged again at 15,000 × g for 5 min at 4 °C. The brown extract 
solution was aliquoted (100 L) in sterile Eppendorf tubes, by filtration through a 0.45 
μm filter. Aliquots were flash frozen in liquid nitrogen and stored at -40 °C until further 
analyses. 
Experiment design: We tested ten different concentrations of acetylthiocholine 
iodide substrate from 10 µM to 1 mM, prepared from a 2 mM stock. DTNB stock (10 mM, 
100 µL) was mixed in the cuvette with 20 µL of ethanol/ 55% Tween 20 (v/v) solution of 
the test compound (see above) or control (without any compound). Substrate solutions 
were added to the cuvette. Phosphate buffer pH 7.6 was added to the cuvette to make a 
total of 1 mL of solution. The cuvette was inverted three times and used to blank the 
spectrophotometer. After addition of 60 µL of varroa mite extract, the cuvette was 
inverted once, and the run was started as quickly as possible. All the runs were taken at 
420 nm for total 3 min. Absorbance was recorded every 5 seconds to yield 36 data 
points per run. Absorbance was converted to concentration using 11,792 cm-1 M-1 
extinction coefficient. Concentration was then plotted against time to determine the rate 
of the reaction. 
Bradford assay: Ten concentrations (0 to 20 µg/mL) of BSA were prepared from 
0.1 mg/mL of stock BSA to determine the unknown concentration of the Varroa mite 
protein extract. Absorbance was measured at 595 nm. Varroa mite extract (10 µL) at 
dilutions (1:2, 1:4 and 1:10) were used to give absorbance within the BSA absorbance 
range. The average of protein concentration calculated from all three dilutions was 6.86 
µg/mL. This value was used to calculate specific AChE activity of Varroa mite extracts. 
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2.5.3. Statistical analysis 
The rate of product conversion was determined by examining the linear region of 
the kinetics curve, including as many data points as possible with an R2 > 0.99. The 
rates for the three replicates were then averaged before plotting them against substrate 
concentration to determine Vmax and KM using GraphPad Prism5 software (GraphPad 
software Inc., La Jolla, CA, USA). One-way ANOVA, followed by Tukey’s test was 
performed to determine significant difference for Vmax, KM and specific activity between 
each concentration of inhibitor and the control. 
2.5.4. Results and Discussion 




















































































































































































Figure 16. Varroa mite AChE kinetics . Graph shows the rate of varroa AChE vs 
substrate concentration. Michaelis-Menten (A,C,E and G) and 
Lineweaver-Burk plots (B,D,F and H) of DEET, 3c{3,6}, 3c{6,6} and 
3b{2,2} are presented. 3 mM DEET had a significant increase in KM 
(A and B) as compared to the average rates of 0 mM, 0.5 mM and 1 
mM DEET. There was no significant difference in the rate and KM 
values of the average rates of AChE in the presence of 0.5 mM, 1 mM 
and 3mM 3c{3,6} (C and D). 3 mM 3c{6,6} had a significant decrease 
in Vmax but no change in KM (E and F). The rate of AChE in the 
presence of 3mM 3b{2,2} had no significant difference (G and H). 
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Table 2. Michaelis-Menten parameters of extracted varroa 
acetylcholinesterase, VdAChE, in the presence of compounds tested 
against varroa mites. 
Test compound Vmax  
(10-6 M min-1) 
KM  
(10-5 M) 
Specific Activity  
(µM min-1 µg-1) 
None (control) 1.1 ± 0.1 1.4 ± 0.6 0.16 ± 0.01 
0.5 mM DEET 1.4 ± 0.1 1.2 ± 0.4 0.20 ± 0.01 
1.0 mM DEET 1.2 ± 0.1 1.9 ± 0.6 0.17 ± 0.01 
3.0 mM DEET 0.9 ± 0.1 5.4 ± 1.6 *** 0.13 ± 0.01 
0.5 mM 3c{3,6} 1.2 ± 0.1 1.2 ± 0.4 0.17 ± 0.01 
1.0 mM 3c{3,6} 1.3 ± 0.1 1.1 ± 0.3 0.19 ± 0.01 
3.0 mM 3c{3,6} 1.2 ± 0.1 1.2 ± 0.5 0.17 ± 0.01 
3.0 mM 3c{6,6} 0.8 ± 0.1 ** 1.4 ± 0.5 0.12 ± 0.01 ** 
3.0 mM 3b{2,2} 1.3 ± 0.1 1.4 ± 0.3 0.19 ± 0.01 
Values were obtained using GraphPad Prism5 software. Rates were obtained at different substrate concentrations 
using the Ellman assay. Specific activity was calculated by dividing Vmax by the weight of protein isolate present in each 
1 mL reaction (6.86 μg). The weight of protein was determined by a Bradford assay (see section 2.5.2, page number 
34). Significant difference was compared to all other treatment groups using one-way analysis of variance followed by 
Tukey test (**p<0.01 and ***p <0.001). 
The central nervous system is possibly involved in the paralytic activity shown by 
3c{3,6} and 3c{6,6}. Therefore, to elucidate the effect of these compounds on the varroa 
acetyl choline esterase (VdAChE), an Ellman assay (experimental design described 
above) was performed. A high concentration of DEET inhibits AChE in mammals (Corbel 
et al., 2009) and hence DEET was used as a positive control in our assay. In our group, 
high concentration of DEET (3 mM) competitively inhibited human and honey bee acetyl 
choline esterases (unpublished). Therefore, we tested the effect of 3c{3,6} (0.5 mM, 1 
mM and 3 mM), DEET (0.5 mM, 1 mM and 3 mM), 3c{6,6} (3 mM) and 3b{2,2} (3 mM) 
on VdAChE. 3b{2,2} was included because it was the host choice-altering agent for 
Varroa mite. 
The Vmax values (Table 2) of all the treatments did not differ from the control, 
except for 3 mM 3c{6,6} (Vmax and the specific activity were lower than the control) 
(Tukey test, **p <0.01). Similar to the AChE inhibition activity of DEET on mammals and 
insects, VdAChE was inhibited by 3 mM DEET (Figure 16 and Table 2). A significant 
increase in KM was observed with 3 mM DEET (Tukey test, ***p <0.001). Compound 
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3c{3,6} at any of the three concentrations and 3mM 3b{2,2} had no effect on either Vmax 
or KM values. The lack of any effect of 3c{3,6} on VdAChE indicates that this enzyme is 
not the target site of this compound in the mites. 3c{3,6} had no inhibitory effect on 
human and honey bee acetylcholine esterases (unpublished). Compound 3c{3,6} 
showed high efficacy at paralyzing the mites and detaching mites from bee abdomen, 
not allowing mites to feed on the bee fat bodies, which eventually kills them. Hence, it is 
important to understand the mechanism of action of 3c{3,6} in the mites. To understand 
that mechanism, it is helpful to image where in the mites, compound 3c{3,6} binds. 
Therefore, fluorescent probes (discussed in chapters 3 and 4) were synthesized to 
visualize the binding location of 3c{3,6} related probes within the body of the mites, by 
using confocal microscope. 
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Chapter 3.  
 
Synthesis of fluorescent probes to visualize the 
binding location(s) of 3c{3,6} in varroa mites 
3.1. Background 
In structure-activity relationship assays (2.4, Chapter 2), 3c{3,6} showed high 
acaricidal activity by paralysing and killing varroa mites. Compound 3c{3,6} did not 
inhibit the activity of varroa acetyl cholinesterase (VdAChE), which suggests that this 
enzyme is not the target of 3c{3,6} (2.5, Chapter 2). During dish assays, we observed 
twitching behaviour of the mites when 3c{3,6} was applied either directly on the body of 
mites or on the parafilm of the Petri dish. In addition, the front legs of mites were held up 
by the mites when they were exposed to 3c{3,6} in dish assays. The forelegs of varroa 
mites house chemosensory hairs, which are used to detect volatiles (Dillier et al., 2006). 
We hypothesise that 3c{3,6} initially slows the movements of varroa mites, making it 
more difficult for them to reach the bees. This results in weakening of the mites and 
eventual death. When 3c{3,6} enters the body of varroa mites, it likely interrupts normal 
functioning of the central nervous system, leading to paralysis and death of the mites. In 
order to locate the binding site(s) of the active compound 3c{3,6} in the bodies of mites, 
we used two fluorescent dyes, 5-ROX azide (red colour) and 6-FAM azide (green colour) 
(Figure 19) to make four fluorescent probes 5-ROX probe-1 (12, Scheme 3.3) 6-FAM 
probe-2 (13, Scheme 3.3), 5-ROX probe-3 (24, Scheme 3.6) and 6-FAM probe-4 (25, 
Scheme 3.6). Confocal microscopy was used to image the binding location(s) of the 
above mentioned 3c{3,6}-related fluorescent probes in the mites (Chapter 4). The 
efficacy of fluorescent probes was compared to the active compound 3c{3,6} by the 
contact assays as described in Chapter 2. 
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3.2. Design of the fluorescent probes 
It is unknown how 3c{3,6} binds to its cognate receptors and causes acaricidal 
activity. Therefore, 3c{3,6} was structurally modified to make fluorescent probes, to 
detect in which parts of the mites 3c{3,6} binds. We also do not know the kinetic stability 
of 3c{3,6} binding to its receptors and hence, two kinds of probes, namely, non-covalent 
(Figure 17) and covalent probes (Figure 18) were designed. 
The SAR study (Chapter 2) showed that allyloxy and propoxy groups oriented 
para, are essential for high acaricidal activity. The non-covalent probe 5 has both 
allyloxy and substituted propoxy groups. In addition, it has a linker or spacer and an 
alkyne terminus. The terminal alkyne serves as a handle where fluorescent azide (5-
ROX azide or 6-FAM azide) is added to form a triazole ring through a copper-catalyzed 
1,3- dipolar cyclization, also known as click reaction (Rostovtsev et al., 2002). The linker 
serves as a spacer between the parent molecule 3c{3,6} and the fluorophore. The 
choice of the length of linker is critical, to avoid the interference of fluorescent probes 
with the activity of the parent molecule at the binding location (Leopoldo et al., 2009). 
We have used a linker of intermediate length, as a short linker reduces the space 
between the bulky fluorescent tag and the parent molecule, leading to non-specific 
binding. In contrast, too lengthy a spacer may place the fluorescent tag far away from 
the parent molecule, not allowing us to visualise the target location efficiently. 
The covalent probe 22 also has a conserved allyloxy group, a linker and an 
alkyne terminal handle. It has an electrophilic bromide group, which is a good leaving 
group. The free nucleophiles like sulphur, nitrogen, oxygen and carbon present in the 
protein structure, can be alkylated by nucleophilic substitution (Jones and Hysert, 1971; 
Smith et al., 2010). This results in a covalent bond between the probe and the protein. 
Covalent probes were designed to visualise both the strong and weak binding sites, 




Figure 17. Structural design of non-covalent fluorescent probes and their 
precursor, intermediate 5 
 
 
Figure 18. Structural design of covalent fluorescent probes and their 
precursor, intermediate 22 
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3.3. Proposed synthesis of the fluorescent probe-1 and 
probe-2 
3.3.1. Synthesis of non-covalent probe intermediate (5) from 
hydroquinone (1) 
The alkyne probe intermediate 5 for the synthesis of two fluorescent probes 1 and 2 was 
made from commercially available hydroquinone (1) (Scheme 3.1). Compounds 3, 4 and 
5 were produced by Williamson ether synthesis. The phenolic group in 1 was allylated by 
a weak base (K2CO3) and allyl bromide. The choice of potassium carbonate was made 
based on the optimised ether synthesis in our group, in which the K2CO3/acetone, 
base/solvent system afforded better yields than other methods (Paduraru et al., 2008). 
Allyl bromide (2) was a limiting agent to reduce the quantity of undesired disubstituted 
product 3. 1,4- bis(allyloxy) benzene (3) was observed quickly by TLC within 30 min 
reflux time. The reaction was quenched after 2 h to prevent conversion of desired 
compound 4 to undesired product 3. Column purification provided pure compound 4 in 
moderate yield (57%). The non-covalent probe intermediate 5 was obtained at 62% yield 
upon alkylating 4 by compound 11 using potassium carbonate. The synthesis of product 
5 was confirmed by the high-resolution mass measurement which was in agreement with 
the expected value (calculated for C19H28NO6+: 366.1917 (M+NH4)+; found: 366.2308 
(M+NH4)+), as well as by the 1H NMR spectrum (see section 3.5.2., page number 53). 
43 
 
Scheme 3.1. Synthetic scheme for hydroquinone derived alkyne intermediate (5) 
3.3.2. Synthesis of compound (11) for alkylation of free OH in 
compound (4) 
Compound 11, used to produce intermediate 5 (Scheme 3.1), was prepared from 
the starting material, diethylene glycol (6). Treatment of 6 with sodium hydride and 
propargyl bromide (7) afforded 8 at moderate yield (57%) (Scheme 3.2). I followed a 
procedure from (Goswami et al., 2013 ) with little modification. Briefly, NaH in THF and 
compound 6 were added to a round-bottom flask on an ice bath. The mixture was stirred 
vigorously, followed by slow addition of propargyl bromide at room temperature. 
Oxidation of alcohol 8 to carboxylic acid 9 was done in 10% NaHCO3 basic medium and 
10% bleach (NaOCl), an oxidizing agent. An organocatalyst, TEMPO and KBr co-
catalyst were also used to reduce the reaction time (Quici et al., 1990; Anelli et al., 
1987). The pure acid 8 was obtained in high yield (90%) without column purification. The 
1H NMR and 13C NMR spectra of 9 displayed characteristic downfield peaks for 
carboxylic acid at 9.90 – 8.65 ppm (bs, 1H) and 170.74 ppm, respectively. Finally, the 
coupling reaction between acid 9 and 3-bromopropan-1-ol (10) furnished alkyne product 
11 in good yield (71%). Our initial effort to make 11 included N,N′-
dicyclohexylcarbodiimide (DCC) as a coupling agent along with base pyridine. It was 
difficult to separate DCC completely from the reaction, as it is neither water soluble nor 
100% soluble in any organic solvent. Another drawback of using DCC/pyridine pair was 
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the low yield of the product. Therefore, we chose 1-ethyl-3-(3-
(dimethylamino)propyl)carbodiimide methiodide (EDC methiodide)/ DMAP as a coupling 
agent/base pair (Kim et al., 2005). EDC methiodide being water soluble, was easily 
eliminated during work-up, and a catalytic amount of N,N-dimethylpyridin-4-amine 
(DMAP) resulted in an acceptable yield (71%) of product 11. 
 
Scheme 3.2. Conversion of diethylene glycol (6) to 3-bromopropyl 2-(2-(prop-2- 
yn-1-yloxy)ethoxy)acetate (11) 
3.3.3. Copper catalyzed click reactions of alkyne (5) and fluorescent 
azides to form 5-ROX probe-1 (12) and 6-FAM probe-2 (13) 
Following Huisgen’s copper catalysed 1,3-dipolar cycloaddition (Chan et al., 
2004; Rostovtsev et al., 2002) and the method optimised by one of our group members4, 
fluorescent probe-1 (12) and probe-2 (13) were obtained at 65% and 69% yields, 
respectively (Scheme 3.3). The fluorescent probes were purified by semi-preparative 
reverse-phase high performance column chromatography. The alkyne hydrogen signal 
at 2.45 ppm (t, 1H, J = 2.4 Hz), present in the 1H NMR spectrum of compound 5, was not 
observed in the 1H NMR spectra of 12 or 13. The 1H NMR spectrum of 12 showed a 
deshielded peak at 7.88 ppm (s, 1H) for the alkene CH of the triazole ring formed. 
Similarly, we observed a signal at 7.65 ppm (s, 1H) for the alkene CH of the triazole ring 
in the 1H NMR spectrum of 6-FAM probe-2 (13). All the chemical shifts of 5-ROX and 6-
 
4 Mr. G. Pinnelli performed the optimization of the click reactions in our laboratory  
45 
FAM structures in probes 1 and 2 were matched with the 1HNMR spectra provided by 
Lumiprobe Corporation, from where the fluorescent dyes were bought. 
 
Scheme 3.3. Click reactions for fluorescent probe-1 and probe-2 
 
Figure 19. Structures of commercially available fluorescent reagents (5-ROX 
azide and 6-FAM azide) 
13 
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3.4. Proposed synthesis of the fluorescent probe-3 and 
probe-4 
3.4.1. Protection of diol (14) and optimised deprotection of acetal (16) 
The synthesis of covalent probe intermediate 22 for fluorescent probe-3 and 
probe-4 was initiated by first protecting commercially available 1,2,4-trihydroxy benzene 
(14) (Scheme 3.4). The 1,2 -diol moiety of compound 14 was protected by reaction with 
2,2- dimethoxy propane and a catalyst, p-toluene sulphonic acid (p-PTSA), in toluene 
(Fujiwara et al., 2012). Following silica column chromatography, product 15 was isolated 
in 69% yield. The 1H NMR spectrum of 15 displayed peaks at 4.46 ppm (s, 1H) for one 
OH group and 1.65 ppm (s, 6H) for two methyl groups, suggesting the successful 
protection of the 1,2-diol. 
Protected compound 15 was later allylated with allyl bromide, resulting in a good 
yield of 16 (71%) (Scheme 3.4). The 1H NMR spectrum of 16 displayed chemical shift 
values of the allyl group at 6.03 – 5.98 ppm (m, 1H), 5.42 – 5.36 ppm (m, 1H), 5.29 – 
5.24 ppm (m, 1H) and 4.46 – 4.43 ppm (m, 2H), of the trisubstituted benzene ring at 6.61 
ppm (d, 1H, J = 8.4 Hz), 6.44 ppm (d, 1H, J = 2.5 Hz) and 6.30 ppm (dd, 1H, J = 8.4, 2.5 
Hz), and 1.65 ppm (s, 6H) for two methyl groups obtained after protection of 1,2- diol 
moiety of compound 14. Hence, I conclude that the compound 16 was synthesized 
successfully. 
Deprotection of 16 was carried out in the presence of 2.5 M H2SO4 in 7:3 
MeOH:H2O solution and product 17 was obtained in high yield (88%). Initially, the 
concentrations of 0.5 M HCl and 1 M H2SO4 were chosen for deprotection, which 
resulted in complete deprotection of 16 and gave starting material, 1,2,4 trihydroxy 
benzene (14) as the product, observed by TLC (Table 3). Later, the reaction was 
optimised by using 2.5 M H2SO4 and warming the reaction mixture at 40-50 °C for 2 h to 
give the desired product 17. In the 1H NMR spectrum of 17, two peaks were observed at 
5.48 ppm (s, 1H) and 4.92 ppm (s, 1H) suggesting that the desired deprotected 
compound 17 has been formed. The characteristic resonances of the allyl group were 
observed for both compounds 16 and 17. 
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Scheme 3.4. Synthesis of protected compound 15 and deprotected compound 17  
Table 3. Optimization of deprotection of compound 16  






0.5M HCl in 6:4 
MeOH: H2O 
8 hr, rt stirring Formed Present _____ 
1 M H2SO4 in 
6:4 MeOH: H2O 
overnight stirring Formed _____ _____ 
2.5 M H2SO4 in 
7:3 MeOH: H2O 
2 h warming at 
40-50 °C 
_____ 8% 88% 
3.4.2. Synthesis of two regioisomers of alkyne intermediate (18 and 
19) 
Following the procedure in Scheme 3.2, compound 17 was coupled with bromo 
acetic acid (18) to form 19. This reaction provided a mixture of regiosiomers 19 and 20 in 
total 59% yield and compound 21 in 14% yield (Scheme 3.5). The regiosiomers 19 and 
20 were formed roughly in the ratio 6:1, calculated from 1H NMR spectrum (Figure 20). 
Compound 19 showed chemical shifts at 7.0 ppm (d, 1H, J = 8.9 Hz), 6.57 ppm (d,1H, J 
= 2.9 Hz), 6.49 ppm (dd, 1H, J = 8.9, 2.9 Hz) whereas compound 20 had chemical shift 
values of 6.92 ppm (d, 1H, J = 8.8 Hz) and 6.77-6.69 ppm (m, 2H) for the aromatic 
region. The 1H NMR spectrum of compound 21 showed peaks of 7.10 ppm (d, 1H, J = 
9.0 Hz), 6.83 ppm (dd, 1H, J = 9.0, 2.9 Hz) and 6.77 ppm (d, 1H, J = 2.9 Hz) for the 
aromatic region, and 3.94 ppm (s, 2H) and 3.93 ppm (s, 2H) for two CH2 groups adjacent 
to bromine. Mixture of 19 and 20 together was reacted with acid 9 to obtain regiosiomers 
22 and 23. These regioisomers were separated by semi-preparative reverse-phase 
HPLC. 1H NMR spectrum of 22 displayed 7.13 ppm (dd, 1H, J = 10.2, 5.2 Hz), 6.87 – 
6.77 ppm (m, 2H) for the aromatic portion and 2.45 ppm (t, 1H, J = 2.4 Hz) for the 
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terminal alkyne. In the 13C NMR spectrum, two peaks at 167.84 ppm and 165.32 ppm for 
the carbonyl esters were observed. 
 
Scheme 3.5. Synthesis of covalent probe intermediate (22) 
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Figure 20. 1H NMR spectrum of regioisomers 19 and 20 
3.4.3. Copper catalysed click reactions of alkyne (22) with fluorescent 
azides (5-ROX azide and 6-FAM azide) 
Fluorescent probes 24 and 25 were synthesized by the method discussed in 
Scheme 3.3. Compound 22 was treated with fluorescent azides (5-ROZ azide or 6-FAM 
azide, Figure 19) in a dark environment in the presence of copper sulphate as catalyst, 
ligand tris(3-hydroxypropyltriazolylmethyl)amine (THPTA) and sodium ascorbate as an 
oxidant in 1:1 t-BuOH:H2O solution. Probes were purified by reverse-phase HPLC. Pure 
5-ROX probe-3 and 6-FAM probe-4 were obtained in 46% and 51 % yields, respectively. 
The characteristic peak of alkyne CH at 2.43 ppm (t, 1H, J = 2.4 Hz) observed in 22, was 
not displayed in the 1H NMR spectra of both the probe-3 and probe-4. The chemical 
shifts of 5-ROX and 6-FAM were verified with the 1H NMR spectra of 5-ROX and 6-FAM 




Scheme 3.6. Synthesis of fluorescent probe-3 and probe-4 
3.5. Experimental 
3.5.1. General 
All the reactions were performed under nitrogen atmosphere unless otherwise 
stated. The progress of the reaction was monitored by thin layer chromatography (TLC) 
on commercial aluminum backed silica gel 60 F254, acquired from Merck (Darmstad, 
Germany). TLC spots were visualised under UV light (254 nm) followed by staining with 
either KMnO4 stain (dissolving KMnO4 (1.5 g), K2CO3 (10g), and NaOH (0.2 g) in 200 mL 
water) or with the fumes of iodine in an iodine chamber. Solvents were evaporated using 
a Buchi rotary evaporator, with liquid nitrogen or dry ice in the condenser and a vacuum 
pump. All starting materials and reagents were purchased from either Sigma Aldrich, 
Alfa Aesar or TCI America, and were used without purification. All solvents were 
purchased from Sigma Aldrich or Fisher and used with no further purification. 
Commercial anhydrous solvents (acetone and THF) were also used without purification. 
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5-ROX azide and 6-FAM azide were purchased from Lumiprobe Corporation. A water 
ice bath was used to maintain cold temperatures ~4°C. 
Column purification was done using 230-400 mesh silica gel (E. Merck, Silica Gel 
60). Semi preparative high-performance liquid chromatography (HPLC) was carried out 
on an Agilent 1100 Series equipped with a variable wavelength UV-Vis detector and 
Phenomenex Industries HPLC-Beta-1 Kinetex® C18 column (5 µm, 150 x 10 mm). 
Preparative high-performance liquid chromatography (HPLC) was performed on an 
Agilent 1200 Series equipped with a variable wavelength UV-Vis detector and 
Phenomenex Industries HPLC-Beta-1 Kinetex®, C18 column (5 µm, 150 x 21.2 mm). 
1H NMR spectra were recorded on a Bruker Advance 600 spectrometer equipped 
with a QNP (600 MHz) or Bruker Advance III 400 (400 MHz) probe. 13C NMR spectra 
data were acquired on a Bruker Advance III 400 (100 MHz). Chloroform-d (CDCl3) or 
methanol-d4 (CD3OD) were used as reference solvents. Signal positions (δ) are noted in 
parts per million from tetramethyl silane (TMS) (δ 0 ppm) and were measured relative to 
the reference signal of the solvent (1H NMR: CDCl3: δ 7.26, CD3OD: δ 3.31; 13C NMR: 
CDCl3: δ 77.16, CD3OD: δ 49). Coupling constant values (J) are given in Hertz (Hz).  
The order of 1H NMR multiplicity is (s, singlet; d, doublet; t, triplet; q, quartet; m, 
multiplet), number of protons, coupling constants (J). 
High resolution mass spectra were performed on an Agilent 6210 TOF LC/MS. 
3.5.2. Synthetic Procedures 
Preparation of 4-(allyloxy) phenol (4). 
 
To a stirred solution of K2CO3 (3.73 g, 0.027 mol) and anhydrous acetone (30 mL), was 
added hydroquinone (1) (2 g, 0.018 mol). The reaction was stirred for 20 min and then 
allyl bromide (2) (2.05 g, 0.017 mol) was added in anhydrous acetone (20 mL) drop by 
drop over 30 min. After refluxing for 2 h, the reaction was quenched by adding H2O (10 
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mL) and neutralized by adding 1N HCl (25 mL). The aqueous layer was extracted using 
EtOAc (3 x 30 mL), washed with saturated NaCl solution (brine, 40 mL) and, the organic 
layer was dried over anhydrous Na2SO4. After evaporation of EtOAc, the crude product 
was purified by flash column chromatography (silica gel, 6% EtOAc in hexane), to give 
4-(allyloxy) phenol (4) (1.47 g, 57%, 0.01 mol) as a light brown solid. 
1H NMR (400 MHz, CDCl3) δ 6.86 - 6.71 (m, 4H), 6.10 – 5.99 (m, 1H), 5.43 – 5.36 (m, 
1H), 5.29 – 5.24 (m,1H), 4.68 (s, 1H), 4.49 – 4.44 (m, 2H) 
13C NMR (100 MHz, CDCl3) δ 152.96, 149.78, 133.72, 117.67, 116.19, 116.15, 69.81 
Preparation of 3-(4-(allyloxy) phenoxy) propyl 2-(2-(prop-2-yn-1-yloxy) 
ethoxy) acetate (5). 
 
To a stirred solution of K2CO3 (0.45 g, 3.3 mmol) and anhydrous acetone (3 mL) under 
nitrogen atmosphere, compound 4 (0.12 g, 0.8 mmol) was added, dissolved in 
anhydrous acetone (3 mL). After stirring for 15 min at room temperature, compound 11 
(0.32 g, 1.1 mmol) was added in anhydrous acetone (3 mL) slowly for 15 min. The 
reaction was completed after 18 h of reflux. Water was added (10 mL), and the aqueous 
layer was extracted with EtOAc (2 x 15 mL). The organic layer was washed with brine 
(15 mL), dried over Na2SO4 and concentrated. The crude product was purified by 
column chromatography (silica, 4% EtOAc in hexane) to provide compound 5 (0.18 g, 
62%, 0.5 mmol) as a brown oil. 
1H NMR (400 MHz, CDCl3) δ 6.89 – 6.76 (m, 4H), 6.09 – 5.99 (m, 1H), 5.42 – 5.36 (m, 
1H), 5.29 – 5.24 (m, 1H), 4.49 – 4.46 (m, 2H), 4.35 (t, 2H, J = 6.4 Hz), 4.20 (d, 2H, J = 
2.4 Hz), 4.15 (s, 2H), 3.99 (t, 2H, J = 6.1 Hz), 3.73 (m, 4H), 2.43 (t, 1H, J = 2.4 Hz), 2.11 
(p, 2H) 
13C NMR (100 MHz, CDCl3) δ 170.49, 153.17, 153.11, 133.75, 117.56, 115.92, 115.60, 
79.65, 74.74, 70.87, 69.67, 69.27, 68.78, 65.01, 61.90, 58.54, 28.85 
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Exact mass calculated for C19H28NO6+: 366.1917 (M+NH4)+; found: 366.2308 (M+NH4)+ 
Preparation of 2-(2-(prop-2-yn-1-yloxy) ethoxy) ethan-1-ol (8). 
 
Diethylene glycol (6) (10 g, 0.094 mol) dissolved in dry THF (20 mL) and NaH (2g, 0.085 
mmol) were added to a round bottom flask on an ice bath. NaH in mineral oil, was used 
directly for the reaction, without rinsing off the mineral oil. After vigorously stirring the 
NaH suspension for 15 min, propargyl bromide (7) (10.1 g, 0.085 mmol) dissolved in dry 
THF (20 mL) was added slowly for about 20 min at room temperature. Later, the reaction 
was refluxed for 15 h, then quenched with H2O (30 mL). The aqueous layer was 
extracted with EtOAc (3 x 30 mL), the organic layer was washed with brine (2 x 30 mL) 
and dried over anhydrous sodium sulphate. After evaporation of the organic solvent, the 
crude material was purified by column chromatography (silica gel, 5% EtOAc in hexane) 
to yield compound 8 (7.2 g, 57%, 0.048 mmol) as a yellow oil. 
1H NMR (400 MHz, CDCl3) δ 4.19 (d, 2H, J = 2.4 Hz), 3.76 – 3.62 (m, 6H), 3.63 – 3.56 
(m, 2H), 2.44 (t, 1H, J = 2.4 Hz) 
13C NMR (100 MHz, CDCl3) δ 79.61, 74.80, 72.63, 70.34, 69.27, 61.86, 58.54 
Preparation of 2-(2-(prop-2-yn-1-yloxy)ethoxy)acetic acid (9). 
 
Compound 8 (2.7 g, 0.019 mol) was dissolved in acetone (25 mL) and kept on ice. A 
solution of 10% NaHCO3 (50 mL) was added. Next, (2,2,6,6-Tetramethylpiperidin-1-
yl)oxyl TEMPO (0.89 g, 0.006 mol) was added slowly in parts. KBr (0.02 g, 0.002 mol) 
and cold acetone (25 mL) were added, followed by a 10% NaOCl solution (25 mL), 
added drop by drop for 20 min. The reaction was stirred for another 15 min on ice and 
for overnight at room temperature. Saturated NaHCO3 (30 mL) was then added to the 
reaction. Unreacted alcohol 8 was extracted with EtOAc (4 x 40 mL). The aqueous layer 
was acidified by 8 N HCl (100 mL) and extracted with EtOAc (4 x 50). The organic layer 
was washed with brine (2 x 40 mL) and dried with Na2SO4. Pure acid 9 (2.71 g, 90%, 
0.017 mol) was obtained as a yellow liquid without column chromatography. 
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1H NMR (400 MHz, CDCl3) δ 9.90 – 8.65 (s, 1H), 4.22 (d, 2H, J = 2.4 Hz), 4.19 (s, 2H), 
3.82 – 3.67 (m, 4H), 2.45 (t, 1H, J = 2.4 Hz ) 
13C NMR (100 MHz, CDCl3) δ 170.74, 79.51, 74.78, 70.74, 69.14, 62.04, 58.41 
Exact mass calculated for C7H11O4+: 159.0652 (M+H)+; found: 159.0679 (M+H)+ 
Preparation of 3-bromopropyl 2-(2-(prop-2-yn-1-yloxy) ethoxy) acetate 
(11). 
 
Compound 9 (0.5 g, 3.14 mmol) in CH2Cl2 (2 mL) and 3-bromopropan-1-ol (10) (0.4 g, 
3.14 mmol) in CH2Cl2 (2 mL) were added to a round bottom flask on ice. The reaction 
flask was maintained under nitrogen atmosphere. After adding DMAP (0.1 g, 0.94 mmol) 
and cold CH2Cl2 (16 mL), the reaction was stirred for 15 min. EDC methiodide (1.6 g, 5.3 
mmol) was added in parts and stirred the mixture on ice for another 30 min. The reaction 
was completed after 3 h stirring at room temperature. Water (15 mL) was added to 
quench the reaction. The organic layer was extracted with CH2Cl2 (2 x 20 mL), washed 
with brine (15 mL), then dried with anhydrous sodium sulphate. After evaporation of 
CH2Cl2 in vacuo, the crude product was passed through column chromatography (silica, 
10 % EtOAc in hexane), which yielded pure product 11 (0.6 g, 71%, 2.23 mmol) as a 
colourless oil. 
1H NMR (400 MHz, CDCl3) δ 4.26 (t, 2H, J = 6.2 Hz), 4.16 (d, 2H, J = 2.4 Hz), 4.11 (s, 
2H), 3.72 – 3.67 (m, 4H), 3.65 (t, 2H, J = 6.0 Hz), 2.42 (t, 1H, J = 2.4 Hz), 1.85 (q, 2H, J 
= 6.1 Hz) 
13C NMR (100 MHz, CDCl3) δ 170.74, 79.51, 74.78, 70.74, 69.14, 68.65, 62.04, 59.07, 
58.41, 31.59 




Preparation of 5-ROX probe-1 (12). 
 
To a solution of tBuOH:H2O (1:1) (1 mL), I added copper sulphate heptahydrate 
CuSO4.7H2O (1.6 mg, 0.006 mmol), sodium ascorbate (1.8 mg, 0.007 mmol) and Tris(3-
hydroxypropyltriazolylmethyl)amine THPTA (1.6 mg, 0.003 mmol) in a 3-dram vial that 
was covered with aluminum foil. The mixture was stirred for 5 min. Compound 5 (5 mg, 
0.014 mmol) dissolved in tBuOH:H2O (1:1) (0.5 mL) was added and stirred for another 
10 min. Next, 5-ROX azide (4.4 mg, 0.007 mmol) was added. The reaction mixture was 
stirred overnight in the dark at room temperature. After filtration of the reaction mixture, 
solvent was evaporated using the rotavap. The resulting crude product was dissolved in 
acetonitrile (1 mL) and purified by semi-preparative reverse-phase HPLC (eluent = 
acetonitrile: water 2: 3, UV detection at λ = 550 nm; flow rate =3 mL/min). Pure 
compound 12 was eluted at 5.50 min. After column purification, the solvents were 
evaporated in the rotavap and water was removed from the compound by lyophilization, 
to give a pure, violet coloured solid of 5-ROX probe-1 (12). (4.6 mg, 65%, 0.005 mmol)  
1H NMR (600 MHz, Chloroform-d) δ 8.83 (s, 1H), 8.27 (s, 1H), 8.14 (dd, 1H, J = 7.8, 1.7 
Hz), 7.88 (s, 1H), 7.14 (d, 1H, J = 7.8 Hz), 6.87 – 6.77 (m, 6H), 6.07 - 5.99 (m, 1H), 5.41 
- 5.36 (m, 1H), 5.28 – 5.24 (m, 1H), 4.68 (s, 2H), 4.49 (t, 2H, J = 6.4 Hz), 4.49 –4.46 (m, 
2H), 4.38 – 4.31 (m, 2H), 4.15 (s, 2H), 4.00 – 3.94 (m, 2H), 3.77 – 3.69 (m, 4H), 3.52 (t, 
2H, J = 6.1 Hz), 3.48 – 3.35 (m, 8H), 3.06 – 2.92 (m, 4H), 2.71 – 2.68 (m, 2H), 2.62 – 
2.62 (m, 2H), 2.31 – 2.22 (m, 2H), 2.15 – 2.06 (m, 6H), 1.99 – 1.89 (m, 4H). 
Exact mass calculated for C55H61N6O10+: 965.4244 (M+H)+; found: 965.4235 (M+H)+ 
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Preparation of 6-FAM probe-2 (13). 
 
Into a 3-dram vial covered with aluminum foil, I added tBuOH:H2O (1:1) (1 mL), copper 
sulphate heptahydrate CuSO4.7H2O (1.6 mg, 0.006 mmol), sodium ascorbate (1.8 mg, 
0.007 mmol), THPTA (1.25 mg, 0.003 mmol) and 6-FAM azide (3.3 mg, 0.007 mmol). 
After 15 min of stirring at room temperature, compound 5 (5 mg, 0.014 mmol) dissolved 
in tBuOH:H2O (1:1) (0.5 mL), was added and stirred overnight at room temperature in 
the dark. The reaction mixture was filtered through a small funnel and concentrated 
using a rotavap. The crude residue was dissolved in a 1:1 mixture of acetonitrile and 
methanol (1 mL) and purified by semi-preparative reverse-phase HPLC (eluent = 
acetonitrile: water 2: 3, UV detection at λ = 550 nm; flow rate =3 mL/min). Same as in 
the above procedure, a pure, yellow coloured solid, 6-FAM probe -2 (13) (4 mg, 69%, 
0.007 mmol) was obtained at a retention time 5.78 min. 
1H NMR (600 MHz, Methanol-d4) δ 8.12 – 8.06 (m, 2H), 8.00 (s, 1H), 7.65 (s, 1H), 6.89 
(d, 2H, J = 8.9 Hz), 6.84 (d, 1H, J = 1.4 Hz), 6.82 – 6.76 (m, 4H), 6.69 (d, 2H, J = 2.2 
Hz), 6.61 (dd, 2H, J = 9.0, 2.3 Hz), 6.08 – 5.97 (m, 1H), 5.38 – 5.33 (m, 1H), 5.22 - 5.19 
(m, 1H), 4.64 (s, 2H), 4.57 (s, 2H), 4.50 – 4.42 (m, 4H), 4.30 (t, 2H, J = 6.3 Hz), 4.13 (s, 
2H), 3.96 (t, 2H, J = 6.2 Hz), 3.76 – 3.65 (m, 4H) , 3.38 (t, 2H, J = 6.7 Hz), 2.21 – 2.15 
(m, 2H), 2.08 – 2.03 (m, 2H) 
Exact mass calculated for C43H43N4O12+: 807.2872 (M+H)+; found: 807.2815 (M+H)+ 
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Preparation of 2,2-dimethylbenzo[d][1,3]dioxol-5-ol (15). 
 
A two neck round bottom flask was equipped with a Dean-Stark apparatus (to 
continuously remove water produced during a chemical reaction) on one neck and a 
rubber stopcock on the other. Benzene-1,2,4-triol (14) (1.3 g, 10.3 mmol), a catalytic 
amount of pyridinium p-toluene sulfonate (p-PTSA) (0.002 g, 0.008 mmol) and toluene 
(40 mL) were added to the flask, and refluxed with slow azeotropic removal of toluene. 
After 15 min of reflux, 2,2-dimethoxypropane (2 mL, 16.28 mmol) was added through the 
stopcock in parts every 15 min (0.4 mL x 3 and 0.2 mL x 4). Toluene (5 mL) was added 
every 30 min for 3 times. After 120 min, reflux was stopped and the reaction mixture was 
allowed to stir at room temperature for 1 h. Toluene was evaporated and the compound 
was purified by column chromatography (silica gel, 10% EtOAc in hexane) to afford pure 
protected compound 15 as a colourless oil (0.9 g, 69%, 7.2 mmol). 
1H NMR (400 MHz, CDCl3) δ 6.55 (d, 1H, J = 8.3 Hz), 6.34 (d, 1H,J = 2.5 Hz), 6.20 (dd, 
1H, J = 8.3, 2.5 Hz), 4.46 (s, 1H), 1.65 (s, 6H) 
13C NMR (100 MHz, CDCl3) δ 150.46, 148.28, 141.75, 118.24, 107.97, 106.08, 98.27, 
25.88  
Preparation of 5-(allyloxy)-2,2-dimethylbenzo[d][1,3]dioxole (16). 
 
In a two-neck flask, K2CO3 (1.27 g, 9.20 mmol), anhydrous acetone (15 mL) and 
compound 15 (0.77 g, 4.64 mmol) were stirred for 30 min at room temperature under N2 
atmosphere. Allyl bromide (1.46 g, 12.1 mmol) was added slowly for 15 min and the 
mixture was refluxed at 70°C for 7 h. To the crude product, were added H2O (20 mL) 
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and EtOAc (20 mL). After stirring for 10 min, the organic layer was extracted with EtOAc 
(2 x 20 mL), washed with saturated NaCl solution (20 mL) and dried over Na2SO4. 
Solvent was evaporated, and the crude mixture was purified by column chromatography 
(silica gel, 6-8% EtOAc in hexane) to yield pure product as a light-yellow coloured oil 
(0.72 g, 71%, 3.53 mmol). 
1H NMR (400 MHz, CDCl3) δ 6.61 (d, 1H, J = 8.4 Hz), 6.44 (d, 1H, J = 2.5 Hz), 6.30 (dd, 
1H, J = 8.4, 2.5 Hz), 6.0 – 5.98 (m, 1H), 5.43 – 5.36 (m, 1H), 5.29 -5.24 (m, 1H), 4.47 – 
4.43 (m, 2H), 1.66 (s, 6H) 
13C NMR (100 MHz, CDCl3) δ 153.89, 148.17, 141.88, 133.71, 118.15, 117.64, 107.75, 
105.46, 98.35, 69.97, 25.90  
Preparation of 4-(allyloxy)benzene-1,2-diol (17). 
 
In a round bottom flask, pure compound 16 (0.20 g, 0.98 mmol) dissolved in MeOH (0.5 
mL) was added. Deprotection of 16 was carried out using 2.5 M H2SO4 in 3:7 H2O: 
MeOH (30 mL). The reaction mixture was warmed for 2 h at about 40-50 °C. Next, 
EtOAc (20 mL) and H2O (15 mL) were added. The reaction mixture was was extracted 
with EtOAc (3 x 10 mL). After washing the organic layer with brine (15 mL) and drying 
over Na2SO4, the solvent was evaporated to a give crude compound. Pure compound 17 
(0.14 g, 88%, 0.84 mmol) was obtained through column chromatography (silica gel, 25% 
EtOAc in hexane) as a white solid. 
1H NMR (400 MHz, CDCl3) δ 6.76 (d, 1H, J = 8.7 Hz), 6.52 (d, 1H, J = 2.8 Hz), 6.37 (dd, 
1H, J = 8.7, 2.9 Hz), 6.08 – 5.97 (m, 1H), 5.48 (s, 1H), 5.41 – 5.35 (m, 1H), 5.29 – 5.24 
(m, 1H), 4. 92 (s, 1H), 4.47 – 4.42 (m, 2H) 




Preparation of 4-(allyloxy)-2-hydroxyphenyl 2-bromoacetate (19). 
 
Bromoacetic acid (18) (0.53 g, 3.78 mmol) in CH2Cl2 (1 mL) and deprotected compound 
17 (0.7 g, 4.22 mmol) in CH2Cl2 (1 mL) were added under nitrogen atmosphere in a two 
neck round bottom flask on ice. A catalytic amount of DMAP (0.02 g, 0.21 mmol) was 
added to the mixture and stirred for 10 min. Later, I added cold CH2Cl2 (20 mL) and 
coupling reagent EDC.HCl (1.88 g, 6.33 mmol) and stirred for another 15 min. The ice 
bath was removed and the mixture was stirred at rt for 2 h. The reaction was quenched 
by addition of water (20 mL) and the mixture was extracted with CH2Cl2 (2 x 20 mL), the 
organic phase was washed with brine (20 mL) and dried using sodium sulphate. The 
colum chromatography (silica, 9% EtOAc in Hexane) provided regioisomers (19 and 20) 
(total weight of both 0.65 g, 59%, 2.23 mmol) as white solids in the ratio 6:1 calculated 
by NMR. The unreacted compound 17 (0.19 g, 17%, 0.65 mmol) was also recovered by 
silica chromatography (15% EtOAc in hexane). 
1H NMR (400 MHz, CDCl3) (Compund 19) δ 7.0 (d, 1H, J = 8.9 Hz), 6.57 (d,1H, J = 2.9 
Hz), 6.49 (dd, 1H, J = 8.9, 2.9 Hz), 6.10 – 5.95 (m,1H,), 5.44 – 5.37 (m, 1H), 5.31 – 5.26 
(dq, 1H, J =10.5, 1.4 Hz), 5.25 (s, 1H,), 4.51 - 4.47 (m, 2H), 3.93 (s, 2H) 
13C NMR (100 MHz, CDCl3) (Compund 19) δ 167.69, 157.80, 147.87, 133.11,122.43, 
118.45, 117.98, 107.39, 104.20, 69.38, 30.37 
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Preparation of 4-(allyloxy)-1,2-phenylene bis(2-bromoacetate) (21). 
 
Compound 21 was formed as a side product from the synthesis of the above compound 
19. It was isolated from the crude mixture by column chromatography (silica, 6% EtOAc 
in Hexane) as a white solid (0.15 g, 14%, 0.52 mmol) 
1H NMR (400 MHz, CDCl3) δ 7.10 (d, 1H, J = 9.0 Hz), 6.83 (dd, 1H, J = 9.0, 2.9 Hz), 
6.77 (d, 1H, J = 2.9 Hz), 6.08 – 5.97 (m, 1H), 5.45 – 5.38 (m, 1H), 5.33 – 5.28 (m, 1H), 
4.54 – 4.50 (m, 2H), 3.94 (s, 2H), 3.93 (s, 2H) 
13C NMR (100 MHz, CDCl3) δ 166.85, 166.30, 157.23, 142.29, 135.51, 132.73, 123.36, 
118.25, 113.29, 109.63, 69.62, 30.56, 25.78 
Preparation of 4-(allyloxy)-2-(2-(2-(prop-2-yn-1 yloxy)ethoxy)acetoxy) 
phenyl 2-bromoacetate (22). 
 
The mixture of regioisomers 19 and 20 (0.25 g, 0.87 mmol) and compound 9 (0.17 g, 
1.04 mmol) were added to a two neck-round bottom flask in cold dichloromethane 
CH2Cl2 (10 mL). The mixture was kept on an ice bath and under a nitrogen atmosphere. 
DMAP (0.001 g, 0.01 mmol) was added and stirred for 10 min. Next, EDC.HCl (0.4 g, 
1.30 mmol) was added and the reaction mixture was stirred for 30 min on ice and for 4 h 
at room temperature. The reaction was quenched with water (10 mL). The reaction 
mixture was extracted with CH2Cl2 (2 x 10 mL), the extract was washed with brine (10 
mL) and dried over anhydrous sodium sulphate. After evaporation of CH2Cl2, the crude 
mixture of regioisomers was dissolved in 1:1 methanol and acetonitrile (1.5 mL), and the 
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components were purified by preparative reverse-phase HPLC (eluent = acetonitrile: 
water 1: 1, UV detection at λ = 280 nm; flow rate =10 mL/min). Compound (22) (0.2g, 
53%, 0.47 mmol) was obtained at a retention time 9.95 min as a brown liquid and 
compound 23 (0.03g, 9%, 0.07 mmol) was a yellow liquid eluted at 10.38 min. 
1H NMR (400 MHz, CDCl3) (compund 22) δ 7.13 (dd, 1H, J = 10.2, 5.2 Hz), 6.87 – 6.77 
(m, 2H), 6.08 - 5.97 (m, 1H), 5.45 – 5.37 (m, 1H), 5.32 - 5.28 (m, 1H), 4.53 – 5.49 (m, 
2H), 4.41 (s, 2H), 4.26 (s, 2H), 4.22 (d, 2H, J = 2.4 Hz), 3.89 – 3.73 (m, 4H), 2.45 (t, 1H, 
J = 2.4 Hz) 
13C NMR (101 MHz, CDCl3) (compund 22) δ 167.84, 165.32, 157.29, 141.88, 135.30, 
132.75, 123.35, 118.23, 113.12, 110.12, 79.60, 74.87, 69.61, 69.37, 68.57, 58.60, 40.59. 
Preparation of 5-ROX porbe-3 (24). 
 
Copper sulphate heptahydrate CuSO4.7H2O (1.2 mg, 0.004 mmol) and THPTA (0.52 
mg, 0.001 mmol) were added to a stirred solution of tBuOH:H2O (1:1) (0.5 mL) in a 3-
dram vial. Sodium ascorbate (3 mg, 0.012 mmol)was added to the mixture and the vial 
was covered with aluminum foil to carry out the reaction in a dark environment. Next, 
compound 22 (5 mg, 0.012 mmol) dissolved in tBuOH:H2O (1:1) (0.5 mL) was added to 
the mixture. After 15 min stirring, 5-ROX azide (4.3 mg, 0.007 mmol) was added and the 
reaction mixture was stirred overnight in the dark at room temperature. The mixture was 
filtered and solvent was evaporated in a rotavap. The crude fluorescent probe was 
dissolved in acetonitrile (1mL) and purified by semi-preparative reverse-phase HPLC 
(eluent = acetonitrile: water 3: 2, UV detection at λ = 550 nm; flow rate =3 mL/min). The 
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pure product was obtained at a retention time of 6.11 min. After column purification, a 
violet coloured solid, 5-ROX probe-3 (24) (3.4 mg, 46%, 0.003 mmol) was obtained. 
1H NMR (600 MHz, Chloroform-d) δ 8.83 (s, 1H), 8.27 (s, 1H), 8.14 (dd, 1H, J = 7.8, 1.7 
Hz), 7.88 (s, 1H), 7.14-7.09 (m, 2H), 6.87 – 6.77 (m, 4H), 6.07 – 5.99 (m, 1H), 5.41 -5.36 
(m, 1H), 5.30 -5.25 (m, 1H), 4.68 (s, 2H), 4.52 – 4.48 (m, 2H), 4.49 (t, 2H, J = 6.4 Hz), 
4.40 (s, 2H), 4.20 (s, 2H), 3.77 – 3.69 (m, 4H), 3.52 (t, 2H, J = 6.1 Hz),3.48 – 3.35 (m, 
8H), 3.06 – 2.92 (m, 4H), 2.68– 2.71 (m, 2H), 2.60-2.62 (m, 2H), 2.31 – 2.22 (m, 2H), 
2.14 – 2.06 (m, 4H), 1.96 – 1.89 (m, 4H). 
Exact mass calculated for C54H56BrN6O11+: 1043.3185 (M+H)+ found: 1043.3271 (M+H)+ 
Preparation of 6-FAM probe-4 (25). 
 
In a 3-dram vial covered with aluminum foil, tBuOH:H2O (1:1) (0.5 mL), copper sulphate 
heptahydrate CuSO4.7H2O (2.3 mg, 0.008 mmol), THPTA (0.5 mg, 0.001 mmol), sodium 
ascorbate (3 mg, 0.012 mmol) and 6-FAM azide (2.7 mg, 0.006 mmol) were added 
sequentially. The reaction mixture was stirred for 15 min at room temperature. To this 
mixture, compound 22 (5 mg, 0.012 mmol) dissolved in tBuOH:H2O (1:1) (0.5 mL) was 
added, and the reaction was stirred overnight at room temperature in the dark. The 
reaction mixture was filtered through a small funnel. After solvent evaporation, the crude 
product was dissolved in 1:1 methanol and acetonitrile (1 mL) and purified by semi-
preparative reverse-phase HPLC (eluent = acetonitrile: water 3: 2, UV detection at λ = 
550 nm; flow rate =3 mL/min). A yellow coloured solid, 6-FAM probe-4 (25) (2.6 mg, 
51%, 0.003 mmol), was obtained at a retention time of 6.27 min. 
1H NMR (600 MHz, Methanol-d4) δ 8.12 – 8.06 (m, 2H), 8.00 (s, 1H), 7.65 (d, 1H, J = 
1.4 Hz), 7.13 (dd, 1H, J = 10.2, 5.2 Hz), 6.87 – 6.76 (m, 5H), 6.69 (d, 2H, J = 2.2 Hz), 
6.61 (dd, 2H, J = 9.0, 2.3 Hz), 6.08 – 5.97 (m, 1H), 5.36 – 5.31 (m, 1H), 5.22 – 5.19 (m, 
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1H), 4.64 (s, 2H), 4.50 – 4.42 (m, 4H), 4.40 (s, 2H), 4.25 (s, 2H), 3.89 – 3.73 (m, 4H), 
3.38 (t, 2H, J = 6.7 Hz), 2.18 (p, 2H, J = 6.8 Hz) 
Exact mass calculated for C42H38BrN4O13+: 885.1613 (M+H)+ found: 885.1512 (M+H)+ 
3.6. Contact assays of different concentrations of the 
fluorescent probes with varroa mites 
3.6.1. Materials and Methods 
Collection of bees and mites: For the contact assays, bees and mites were 
collected from an apiary in Langley, BC, Canada and one colony in Port Moody, BC, 
Canada by the icing sugar method described in Chapter 2 (Section 2.2). 
Experimental design: Contact assays were designed to validate the 
effectiveness of 3c{3,6}-related fluorescent probes; 5-ROX probe-1, 6-FAM probe-2, 5-
ROX probe-3 and 6-FAM probe-4. The acaricidal activities of the fluorescent probes 
were compared to that of 3c{3,6} (Chapter 2, Figure 12). In the contact assay, five mites 
were placed on one weighing paper and each mite received 0.1 µL of ethanol (control) or 
treatment (3c{3,6}, 5-ROX probe-1, 6-FAM probe-2, 5-ROX probe-3 or 6-FAM probe-4) 
dissolved in ethanol. A new weighing paper was used for each treatment. We used 
1µg/0.1µL to 10ρg/0.1µL concentrations of different treatments. The solutions were 
prepared by serial dilution method from stock 10 mg/mL for 3c{3,6} and from stock 0.5 
mg/0.05 mL for the four fluorescent probes. Concentrations 1µg/0.1µL, 100ng/0.1µL, 
10ng/0.1µL, 1ng/0.1µL, 100ρg /0.1µL and 10ρg/0.1µL were used. These assays were 
performed in 9 cm glass Petri dishes. Five replicates of each treatment were performed 
and one replicate consisted of five mites and five freshly freeze killed bees (one mite on 
each bee abdomen). After evaporation of solvent for 20-30 seconds, mites were placed 
on the abdomen of bees and the set-up was kept in the incubator at 29-30 °C and ~ 
40%-70% humidity. The control and compound treatments were placed in separate 
incubators. Mites were observed at 2, 3, 4, 5 and 6 hours and scored for paralysis or 
death, and location on the surface of the glass dish or on the bees (abdomen or non-
abdomen). 
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3.6.2. Statistical Analysis 
The data obtained from contact assays were analysed in GraphPad Prism5 
software (GraphPad software Inc., La Jolla, CA, USA). The dose response of 3c{3,6}-
related fluorescent probes was compared with 3c{3,6} using two-way ANOVA followed 
by the Bonferroni posttest. The significant difference in the number of mites observed on 
glass surface or bee (abdomen or non-abdomen) in different treatments with respect to 
control, was determined by one-way analysis of variance followed by Tukey's test. 
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3.6.3. Results and Discussion 














































































































































3c{3,6} 5-ROX probe-1 6-FAM probe-2
5-ROX probe-3 6-FAM probe-4
 
Figure 21. Dose response of 3c{3,6}-related fluorescent probes (5-ROX probe- 
1, 6-FAM probe-2, 5-ROX probe-3 and 6-FAM probe-4). Bars 
represent the total number of paralyzed and dead mites, seen after 
application of different concentrations of the probes. Measurements 
were taken at 2, 3, 4, 5 and 6 hours. Five varroa mites/replicate were 
used. Bars represent means ± S. E. of 5 replicates. Each graph 
represents one dose. In each graph, number of P+D of mites for a 
particular dose of fluorescent probe, is compared to the same dose 
of 3c{3,6} at that particular time (2 h, 3 h, 4 h, 5 h or 6 h) by a two-
way ANOVA followed by the Bonferroni test (*p<0.05; **p<0.01; ***p 
<0.001).5 
 
5 This experiment was performed with help from Dr. E. Plettner, Dr. J. Macias Samano and Dr. M 
Terrado (collection of mites and bees, and recording of observation) 
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The purpose of the fluorescent probes synthesized here is to visualize the 
binding location(s) of these probes in the bodies of mites. As these probes are 
structurally related to 3c{3,6}, we propose that these fluorescent probes bind at a 
peripheral site on the target of interest. In order to validate the efficacy of these probes 
with respect to 3c{3,6}, we performed contact assays. In these assays, the different 
concentrations of fluorescent probes and 3c{3,6} were applied directly on the bodies of 
mites, and observation of paralysis and death (P+D) of mites were recorded every hour, 
starting from 2 h to 6 h (Figure 21). 
All the fluorescent probes tested showed acaricidal activity similar to 3c{3,6} for 
0.01 ng dose at all the observation times (Figure 21). The exception was 6-FAM probe-
4, which showed lower P+D of mites than 3c{3,6} at 6 h. The activity of 5-ROX probe-1, 
5-ROX probe -3 and 6-FAM probe-4 was reduced when the doses were increased in 
comparison to 3c{3,6} (Bonferroni test *p<0.05; **p<0.01; ***p <0.001). The acaricidal 
activity of 6-FAM probe-2 alone was similar to 3c{3,6} at all doses and observation 
times. Specially, 6-FAM probe-2 showed a significantly higher number of P+D of mites 
than 3c{3,6} for a 10 ng dose at 3 h (Bonferroni test *p<0.05). The number of mites 
paralyzed and dead by 5-ROX probe-3 was lower than 3c{3,6} when the mites had 
doses of 5-ROX probe-3 ranging from 0.1 ng to 1000 ng at 5 h and 6 h. Its efficacy was 
also lower at 4 h with doses 0.1 ng, 100 ng and 1000 ng as compared to 3c{3,6}. The 
fluorescent 5-ROX probe-1 showed reduced acaricidal activity at 4 h and 6 h for a dose 
of 1 ng, and at 4 h for a dose of 1000 ng. The activity of 6-FAM probe-4 was low at 
doses 10 ng (6 h), 100 ng (4 h) and 1000 ng (4 h and 5 h). It is clear from the statistical 
analysis of contact assays, that 5-ROX probe-1 and 6-FAM probe-2 are more effective 
than 5-ROX probe-3 and 6-FAM probe-4. 6-FAM probe-2 showed the highest acaricidal 
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Figure 22. Effects of 3c{3,6} and its structurally related fluorescent probes (5-
ROX probe-1, 6-FAM probe-2, 5-ROX probe-3 and 6-FAM probe-4) on 
the location of varroa mites on the surface of the assay glass dish or 
the bees (abdomen or non-abdomen) at 2 h, 3 h, 4 h, 5 h and 6 h after 
application of the different concentrations of treatments directly 
onto the mites. Bars represent means ± S. E of 5 replicates and each 
replicate had five mites. The number of mites on bee abdomen, 
glass and bee non-abdomen of all the probes are compared to the 
number of mites on bee abdomen, glass and bee non-abdomen of 
3c{3,6} using one-way analysis of variance followed by the Tukey's 
test (*p<0.05; **p<0.01; ***p <0.001 for bee abdomen and Ip<0.05; 
IIp<0.01; IIIp <0.001 for glass dish)6. 
The fluorescent probes were also tested in the contact assays for their ability to 
keep the mites away from the bees (Figure 22), which was significantly observed when 
the mites were treated with 3c{3,6} in SAR studies (Chapter 2, Figure 8). In the contact 
 
6 This experiment was performed with help from Dr. E. Plettner, Dr. J. Macias Samano and Dr. M 
Terrado (collection of mites and bees, and recording of observation) 
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assays, compound 3c{3,6} at doses of 1000 ng and 100 ng showed fewer mites on the 
bee abdomen than the control from 3 h to 6 h treatments (Figure 22). The other doses of 
3c{3,6} at which the mites were significantly not present on the bee abdomen were: 10 
ng (3 h and 6 h), 1 ng (2 h, 4 h to 6 h) and 0.1 ng (2 h). A 100 ng dose of 5-ROX probe-1 
effectively reduced the number of mites on the abdomen of bees at all treatment times 
other than 2 h. Compound 5-ROX probe-1 resulted in mites settling away from the bee 
abdomen at other doses, like 1000 ng (2 h and 4 h), 10 ng (2 h and 6 h) and 1 ng (4 h). 
The fluorescent 6-FAM probe-2 remarkably lowered the number of mites on the bee 
abdomen at doses ranging from 0.1 ng to 1000 ng at all the treatment times, except for 
100 ng at 2 h. The lowest dose of 6-FAM probe-2 at which mites did not reach the bee at 
5 h and 6 h was 0.01 ng. 5-ROX probe-3 occasionally showed mites not settling on the 
bee abdomen. For 5-ROX probe-3, the effective doses were: 1000 ng (4 h), 100 ng (3 
h), 10 ng (6 h) and 1 ng (3 h and 6 h).  When the mites were treated with 6-FAM probe-
4, the highest doses of 1000 ng and 100 ng showed lower numbers of mites not on the 
abdomen than the control from 3 h to 6 h, except 1000 ng (4 h).  Other doses of 6-FAM 
probe-4, such as 10 ng (6h), 1 ng (2 h and 6 h) and 0.1 ng (2h), resulted in the mites 
being away from the bee abdomen at specific times. 
Compounds 3c{3,6}, 6-FAM probe-2 and 6-FAM probe-4 noticeably showed 
higher numbers of mites on the surface of glass dish than the control, for all the doses 
tested at 5 h and 6 h, with the exception of 10 ng of 3c{3,6} at 5 h and 0.01 ng of 6-FAM 
probe-4. At 2 h and 3 h, 3c{3,6} had more mites on the glass surface at 1 ng and 1000 
ng respectively. At 4 h, 3c{3,6} showed significant number of mites on the glass dish at 
doses 1 ng,100 ng and 1000 ng. The mites treated with 6-FAM probe-2 were mostly 
found on the glass surface at all doses at 3 h and 4 h, with the exception of 1 ng at both 
times and 0.01 ng at 3 h. For 6-FAM probe -4, other doses that had more mites on the 
glass surface than control were 1000 ng (3 h), 100 ng (4 h), 1 ng (2 h) and 0.1 ng (3 h). 
The fluorescent 5-ROX probe-3 showed significant number of mites on the glass surface 
at the highest dose of 1000 ng only at 5 h and 6 h. The mites treated with a 100 ng dose 
of 5-ROX probe-1, were found significantly on the glass surface at all the treatment 
times except for 2 h. The other doses of 5-ROX probe-1 at which mites were observed 
away from the bees and on the glass were: 1000 ng (5 h and 6 h) and 10 ng (5 h). 
We now know from the contact assay (Figure 21), that the fluorescent probes, 
which were designed in accordance with the active compound 3c{3,6}, show acaricidal 
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activity of paralysis and death in varroa mites. In addition, the fluorescent probes were 
able to keep the mites away from the bee abdomen, similar to that of 3c{3,6} (Figure 22). 
This validates the design of the fluorescent probes. Hence, we used these probes to 
understand as to where in the body of the mites, the active compound 3c{3,6} binds 
(Chapter 4)  
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Chapter 4.  
 
Cryosections and confocal imaging of the 
fluorescent labelled mites 
4.1. Introduction 
Resistance to existing acaricide treatments in Varroa destructor can develop 
through several mechanisms, like mutation of the amino acid residue(s) in the target 
sites (Wang et al., 2002), detoxification by metabolic enzymes (Eziah et al., 2009; 
Johnson et al., 2010) and/or reduced penetration through the cuticle (Motoyama et al., 
1992). Therefore, it is necessary to consider, that a new varroa control agent has a 
target site different from the existing acaricides. The voltage-gated sodium channel is 
affected by the activity of Fluvalinate (Davies et al., 2007). Fluvalinate deactivates the 
ion conducting state of the channel. The result is depolarisation of the electrically 
excitable cells, leading to paralysis and quick death of the mites. Coumaphos is an 
acetylcholine esterase (AChE) inhibitor, that interferes with the functioning of AChE (Li et 
al., 2003, 2005). This leads to uncontrolled muscle movements and can be fatal. One of 
the proposed target sites of Amitraz is an octopamine receptor, which has poisoning 
effects like hyperactivity and the rapid detachment of mites from the host (Evans & Gee, 
1980 ; Jonsson & Hope, 2007). 
The fluorescent probes 5-ROX probe-1, 6-FAM probe-2, 5-ROX probe-3 and 6-
FAM probe-4 were designed according to the structure of active compound 3c{3,6} 
(Chapter 3). The mites were incubated with the above mentioned fluorescent probes and 
the fluorescent signals were detected by confocal microscopy to visualize the binding 
location(s) of 3c{3,6} in the mites. Confocal imaging has been widely used to identify the 
digestive system and the salivary gland of the spider mite (Bensoussan et al., 2018, 
Jonckheere et al., 2016), the feeding sites of honey bees where the varroa mites fed 
(Ramsey et al., 2018), the Haller’s organ of the lone star tick (Borges et al., 2016) and 
central nervous system (CNS) of a predatory mite (Van Wijk et al., 2006). We observed 
twitching, paralysis and death of the mites when treated with 3c{3,6}. In assays 
performed in glass dishes (Chapter 3), compound 3c{3,6} reduced the number of mites 
on the abdomen of host bees, and more mites were observed on the surface of the glass 
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dish in treatments than in the control. We believe that 3c{3,6} interferes with the normal 
functioning of the central nervous system of mites, and that this results in the weakening 
and mortality of mites. 
4.2. Cryosections of mites labelled with a fluorescent probe 
Materials: Phosphate buffer saline (PBS), pH 7.4, 50 mM, was used to make a 
4% paraformaldehyde fixative solution. The fixative solution was heated to ~60-65°C, 
and two drops of 1 N NaOH were added to dissolve paraformaldehyde. The 
permeabilizing solution (PBSTx) consisted of 0.1% Triton X-100 in PBS. A 5% of bovine 
serum albumin (BSA) in PBSTx was used to prepare the blocking solution. I used a 0.1 
µM concentration of the fluorescent probes, which was prepared from 1.03 mM stock in 
ethanol. The mites were incubated with the fluorescent probes (0.1 µM), that were either 
dissolved in a permeabilizing solution (PBSTx) for the non-blocking method or in a 
blocking solution (5% BSA) for the blocking method (described below in the method 
section). A solution of 80% glycerol in PBS was used as a mounting medium to place a 
coverslip on the sections of mites. A clear nail polish was used to seal the coverslips. 
Methods: We followed two protocols to label the mites with the fluorescent 
probes: one in which the mites were blocked with 5 % BSA (blocking method), and the 
other in which the mites were incubated directly with the fluorescent probes without 
being blocked by 5 % BSA (non-blocking method). An additional blocking step was 
introduced to minimise the non-specific fluorescent binding signals of the probes in the 
sections of mites. In our initial efforts, the mites were stained with the two red fluorescent 
probes 5-ROX probe-1 and 5-ROX probe-3, using both the blocking and non-blocking 
methods. The non-specific signals in the fluorescent images were stronger in the non-
blocking method than the one that followed the blocking method (Figure 26). Therefore, 
we decided to follow a blocking method protocol with the remaining two green 
fluorescent probes 6-FAM probe-2 and 6-FAM probe-4. The mites that did not receive 
any of the fluorescent probes were considered as control. We used five frozen varroa 
mites for each set of experiments with the fluorescent probes. All the steps shown in 
Figure 23, were performed on the rocker at a slow speed. Initially, the frozen mites were 
washed in cold water, followed by cold sodium phosphate buffer, pH 7.4. Later, five 
mites were placed in a small beaker. The mites were fixed in a 4% paraformaldehyde 
fixative solution (500 µL) at the room temperature for 40 min.  After fixation, the mites 
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were washed with PBS (250 µL each) three times for 15 min. The mites were 
permeabilized with PBSTx (500 µL) at room temperature for 40 min and rinsed with PBS 
(3 X 5 min, 250 µL each time). At this point, the mites were either ready to be soaked in 
the solution with fluorescent probes or blocked with BSA, and then soaked in the 
solution with fluorescent probes. The mites that were not blocked with 5% BSA, were 
incubated overnight in 0.1 µM of the fluorescent probe (500 µL) in the dark at 4°C. For 
the blocking method, the mites received 5% BSA in PBSTx (500 µL) for 40 min at the 
room temperature. Next, the mites were treated overnight with 0.1 µM of the fluorescent 
probe in the dark at 4°C. On the next day, the fluorescently labelled mites were rinsed 
with PBS (4 X 15 min, 250 µL each time). The mites were then dried with the tissue 
(Kimwipes) and embedded in the OCT medium (Fisher Healthcare™ Tissue-Plus™ 
Clear) that was present in a base mold (Fisherbrand™,15 x 15 x 5 mm). The varroa mites 
were oriented dorsally, to enable us to record each section during the confocal imaging. 
The molds were then frozen on dry ice, wrapped in an aluminium foil and stored at -75 
°C until sectioned. I used Leica cryostat (CM1900) to cut serial sections of the whole 
mites at 50 µm thickness. The sections were transferred on charged glass slides 
(Superfrost® Plus Gold), and covered with 80% glycerol mounting medium and a 
coverslip. The coverslips were sealed by a clear nail polish to avoid air bubbles. The 
sealed glass slides were stored at 4°C, until viewed under the confocal microscope 
(Zeiss Airyscan LSM 880). 
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Figure 23. Different steps involved in the incubation of varroa mites with the 
fluorescent probes 
4.3. Confocal imaging of the different sections of mites 
4.3.1. Varroa mite anatomy 
The female Varroa is 1-1.8 x 1.5-2 mm in dimension (Roth et al., 2020). It is 
reddish brown in colour and has a flattened body. The mites have four pairs of legs 
which are primarily used for locomotion, grasping, anchoring and jumping, except the 
front pair of legs. The front legs are displayed in the air, like the antenna of insects, for 
sensing volatiles. The pit organ on the front leg tarsi have sensillar hairs that are 
assumed to be involved in the perception of volatiles(Dillier et al., 2006). The whole body 
of the varroa mite, including the eight legs and the mouth with its appendages, are 
covered with mechanosensitive hairs (sensilla) for the sense of touch as well as air 
movement. The dorsal and ventral sides of the varroa mite are covered with a hard 
exoskeleton to protect the vital organs of the body. The ventral side consists of 
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segments of genital shield, ventral shield and anal shield. The dorsal view of the internal 
organs of female Varroa destructor is shown in Figure 24. The picture is drawn based on 
my readings of internal anatomy of different acari (mites and ticks) (Dhooria, 2016; Gardi 
et al.2020; Mathison & Pritt, 2014; Zhang et al., 2007). The salivary glands (s), brain also 
known as synganglion (sg) and the respiratory spiracles (rs) are present in the upper 
part of the body. The digestive system (gastric caeca, gc) and Malpighian tubules (mpt) 
stretch from upper to lower parts. The Malpighian tubules carry out the excretory 
function and are connected to anal atrium (aa). The reproductive system consists of a 
single ovary (o) and an oviduct (od).The dorsal and ventral views of the external body of 
varroa mite are shown in Figure 25. 
 
 
Figure 24. A dorsal view of the internal organs of female varroa mite (s- 
salivary gland, sg-synganglia, mpt- Malpighian tubules, rs- 
respiratory spiracles, gc- gastric caeca, c- colon, od- oviduct, o- 




Figure 25. Dorsal view (A) and. ventral view (B) of a female varroa mite 
4.3.2. Materials and Methods 
The sections were examined by a Zeiss Airyscan (LSM 880) confocal laser 
scanning microscope for green (6-FAM probe-2 and 6-FAM probe-4) and red (5-ROX 
probe-1 and 5-ROX probe-3) fluorescent signals. The scans of the entire tissue sections 
of the mites were collected with 10 X objective lens using Zen Blue 2.3 SP1 software. A 
488 nm Argon laser line was used to excite 6-FAM probes and emission was captured 
through a 510-540 nm band filter. For the excitation of 5-ROX probes, we used 561 nm 
diode pumped solid state (DPSS) laser and emission was obtained between 585-625 
nm. The focus and laser gain settings used were adjusted and optimized for each glass 
plate containing sections of the mites. The images were taken at 1024 × 1024 pixels and 
processed as jpg files. The standardized settings like excitation and emission 
wavelengths, digital gain and acquisition mode were saved for green and red fluorescent 
signals. The set configuration was used for acquisition and analysis of all images in the 
study to ensure consistency and valid comparisons both within the same sections and 





4.4.1. Fluorescence Imaging of the mites treated with 5-ROX probe-1 
The images obtained from either blocking or non-blocking methods were identical 
in the mites, treated with 0.1 µM 5-ROX probe-1 (Figure 26). The central nervous system 
(CNS) (synganglion, sg) of the mites was brightly labelled (Figure 26, c, e, f and h) as 
compared to untreated mites (Figure 26, a). Similarly, the pores of the cuticle were easily 
visible in the fluorescent treated mites (Figure 26, d and g). The blocking method 
reduced the non-specific binding of the fluorescent probes in the mites (Figure 26, f and 
h). The tarsi of the front leg were specifically stained by 5-ROX probe-1 when the mites 
were blocked with 5 % BSA (Figure 27, a and b). The front legs of varroa mites have 
sensory hairs that are used for chemoreception. 
4.4.2. Fluorescence Imaging of the mites treated with 5-ROX probe-4 
The difference in fluorescent signals was observed when the mites were 
incubated with 5-ROX probe-3, and were either blocked or not blocked with 5% BSA. 
The staining was observed in the front pair of legs and the muscle tissues near the CNS 
in the mites that were blocked (Figure 28, e). The respiratory spiracles and the porous 
cuticle were labelled in the sections of mites that followed both the methods. In the 
contact assays (Chapter 3, Figure 21), 5-ROX probe-3 showed the least acaricidal 
activity amongst the four fluorescent probes. From the confocal imaging, most of the 
sections of mites were weakly stained by 5-ROX probe-3, and that the staining was not 
















Figure 26. Binding of the 5-ROX probe-1 in whole mount sections of mites. The 
images a and b are in the absence of the probe and (c-h) in the 
presence of 0.1 µM 5-ROX probe-1. Images c, d and e are from the 
mites that were not blocked with 5% BSA (bovine serum albumin), 
and images f, g and h are taken from the mites that were blocked 
with 5% BSA (bovine serum albumin). The central nervous system, 
also known as synganglion (sg) (white arrow) is strongly stained by 
the fluorescent probe in c, e, f and h. Image c shows the stained 
muscles (m) and front leg (ft) tissues in yellow and blue arrows, 
respectively. The staining of cuticular pores (cp) are clearly depicted 
in d and g, and are not seen in the control (b). Note, the reduction in 
the non-specific fluorescent signlas in images f and h, where the 
blocking method was followed. Scale bars (a-h) = 100 μm. 
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Figure 27. The tarsi (t) of front leg of varroa mites shown by a green arrow, is 
stained in 0.1 µM 5-ROX probe-1 with the blocking method. The 
whole mite section (a) and only the front leg (b) of the mites were 
observed under confocal microscope. Note- varroa mites have a 
sensory pit organ on the front leg tarsi which are used for 





















Figure 28. Confocal images of the sections of mites incubated in 0.1 µM 5-ROX 
probe-3. The mites in a and b, were not blocked and in c-e, the mites 
were blocked with 5% BSA. A pair of spiracles (rs) used for 
respiration, is found between the third and fourth pairs of leg (a and 
c). The staining of cuticular pores (cp) is observed (b and d). The 
muscular tissues (m) near the synganglion region and near the 
fourth pair of legs are labelled in e and a, respectively. The front pair 
of legs are faintly stained in e. Scale bars (a-e) = 100 μm. 
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4.4.3. Fluorescence Imaging of the mites treated with 6-FAM probe-2 
Different regions of the synganglion (sg) were strongly stained, when the mites 
were treated with 0.1 µM 6-FAM probe-2 and blocked with 5% BSA (Figure 29, b, c and 
d). The spiracles through which the mites breathe, were also labeled (Figure 29, e). 6-
FAM probe -2 was able to distinctly stain the porous structures in the cuticle of mites, as 
also observed when the mites were stained by 5-ROX probes-1 and 3. The mites treated 
with 6-FAM probe-2 exhibited acaricidal activities of paralysis and death (P+D), similar to 
3c{3,6} in the dish assays (Chapter 3, Figure 21). It is evident from the confocal images 
that the neuronal receptors present in the CNS of the mites, could be potential target(s) 
of 3c{3,6}. Negative control did not display any fluorescent signals in the regions of CNS 
or the cuticle of mites (Figure 29, a and f). 
4.4.4. Fluorescence Imaging of the mites treated with 6-FAM probe-4 
The mites that were incubated with 0.1 µM 6-FAM probe-4 and blocked with 5% 
BSA, showed bright fluorescence in the region of brain (Figure 30, d). No such 
fluorescence was observed in the control (Figure 30, a). One of the two front legs, which 
are used for chemoreception, was labelled along with the synganglia (Figure 30, b). The 
muscle tissues in various parts of the mite sections were also stained by 6-FAM probe-4 















Figure 29. Confocal Imaging for localization of 6-FAM probe-2 in the  
cryosections of the whole mites. a and f, control (0 µM 6-FAM probe-
2); b-e and g (0.1 µM 6-FAM probe-2). Different regions of a 
synganglion (sg) are indicated by a white arrow (b, c and d). One of 
the respiratory spiracles (rs) is stained in e. The stained muscle 
tissues (m) are observed in b and e. The pores in the cuticle (cp) are 




Figure 30. Confocal images of the sections of mites incubated in 0.1 µM 6-FAM 
probe-4 and blocked with 5% BSA (b, c and d), and control (a, 0 µM 
6-FAM probe-4). The front leg (fl) and synganglion (sg) are labelled 
in b. The muscle tissues of second and third legs, and below the 
right fourth leg are stained in c. The synganglion (sg) of varroa mite 










The resistance of varroa to synthetic compounds has become widespread 
around the world. There is a need for new acaricides or alternative methods of mite 
control. Compound 3c{3,6} showed promise as a varroa selective acaricide in laboratory 
assays (Chapter 2) and field tests (data not shown).  In order to understand the 
mechanism of how 3c{3,6} causes paralysis and death of mites, we developed four 
fluorescent probes to visualize the binding location(s) of 3c{3,6} in the bodies of mites. 
The CNS of mites contains a synganglion that is situated between the legs. The 
synganglion is involved in the olfactory associative learning. The front legs of mites 
function like the antennae of insects, and can clearly sense the air stream with the 
sensory hairs, present in the first pair of legs (Dicke et al. 1991, Dillier et al., 2006). 
All the fluorescent probes, except 5-ROX probe-3 showed strikingly similar and 
strong labelling of the CNS in the mites. These data indicate that the mites possess a 
target of 3c{3,6} in the neuronal tissues. Further studies are required to identify the exact 
neuronal receptors of 3c{3,6}. It will be interesting to determine the target site of 3c{3,6} 
to understand the binding mechanism of the compound and design new compounds 
than could possess greater potency. However, it is interesting to note that the active 
compound causes the mites to “miss” their favorite spot on the bees, the abdomen. One 
explanation is that the mites do not sense the bees and/or their preferred spot on the 
bees when treated with 3c{3,6}, so they continue their random walking behavior until 
they become exhausted. Another reason is that, the normal neuronal functions in the 
body of mites is disturbed by this compound, which lead to uncontrolled twitching and 
paralysis and, as a result, mortality of mites. 
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Chapter 5.  
 
Conclusion and Future Perspectives 
5.1. Concluding Summary  
The search for new varroa control agents needs serious attention, as we are 
exhausting effective treatment options worldwide. The European honey bee (Apis 
mellifera) is the most popular single insect pollinator of worldwide crops of human 
importance. Different sectors of our society, like beekeepers, farmers and humankind, 
are impacted by the threats posed by Varroa destructor to bee populations. We have 
directed our research in the areas that could bring a new synthetic compound for 
treatment of bee colonies against varroa, that could contribute positivity toward efforts of 
saving honey bee colonies in those places where the mites do the most damage. In 
chapter 2, I described how our efforts began with the investigation of the acaricidal 
activities (manifested through mite paralysis and death) of 15 different compounds that 
were structurally related to 3c{3,6}. The results clearly depicted that a compound must 
have both the allyloxy and the propoxy substituents at para positions, to have high 
acaricidal activity. The mites preferred feeding site is under the sternite or tergite plates 
of the bee abdomen, where the mites can feed on the fat bodies of the bees (Ramsey et 
al., 2019). Compound 3c{3,6} lowered the number of mites on the bee abdomen. In 
addition, the mites were mostly found on the surface of the assay dish.  We can 
conclude from our data that compound 3c{3,6} initially reduces the locomotion of the 
mites and hence, they cannot reach the bee abdomen. This eventually results in the 
mortality of the mites. We demonstrated that varroa acetylcholine esterase (VdAChE) is 
not the target site of 3c{3,6}. This work motivated us to explore the target location(s) of 
3c{3,6} in the mites and directed us to synthesize the fluorescent probes, that were 
structurally related to 3c{3,6}. 
In chapter 3, we have explored different synthetic strategies for preparing red 
and green fluorescent probes, that were used for confocal imaging. The acaricidal 
activities of the fluorescent probes were compared with 3c{3,6} to validate the 
synthesized fluorescent probes. The results demonstrated that the two fluorescent 
probes, 5-ROX probe-1 and 6-FAM probe-2 were more active than 5-ROX probe-3 and 
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6-FAM probe-4. In addition, 6-FAM probe-2 was as active as 3c{3,6}. Similar to 3c{3,6}, 
6-FAM probe-2 was able to reduce the mites on abdomen of the bees, and the mites 
were paralysed or dead on the surface of glass dish. It was evident from the data 
presented in this chapter, that the fluorescent probes affect the mites through similar 
mode of action as 3c{3,6}. 
In chapter 4, we discussed in detail the optimised protocol followed for 
cryosectioning and fluorescent imaging of the whole sections of mites. The confocal 
images presented herein, clearly displayed the fluorescent signals in the regions of 
central nervous system (synganglion, sg) in the mites. Interestingly, a strong staining 
was observed in the parts of the front pair of legs of mites, where the sensory hairs are 
present. In addition to staining the synganglion and the front legs of mites, the 
fluorescent probes also labelled the respiratory spiracles and the muscular tissues. We 
hope that the procedures discussed in this chapter will benefit the present and future 
scientists, that could follow similar procedures for visualising the binding locations in any 
of the specimens using fluorescent materials. 
Integrated Varroa management is highly stressed by the state experts and bee-
keeping organizations (Dietemann et al., 2012; Rosenkranz et al., 2010). However, it is 
not followed extensively by the beekeepers because the available acaricides do not fulfill 
all the criteria of being safe, highly effective and simple to apply. Moreover, the synthetic 
acaricides leave residues in the wax and honey and, some of the varroa treatments 
result in the mortality of the queen and brood. Compound 3c{3,6} showed similar 
efficacy to thymol, which is a common varroa treatment and 3c{3,6} is volatile. We hope 
that this compound will resolve many problems related to varroa control faced by the 
beekeepers and be used in the future to mitigate the mite populations through integrated 
pest management (IPM). 
5.2. Future Work 
Future research should aim to identify the amino acid residues of the target site, 
to which 3c{3,6} binds. This study will not only help understand the binding interactions 
of compound 3c{3,6} with its target, but also help in designing other potent varroa control 
agents, based on the studies of protein-ligand interactions. I have synthesized covalent 
and non-covalent biotinylated probes (Figure 31), as explained in Chapter 3, section 3.2. 
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I made the biotinylated probes based on the synthetic routes discussed in Chapter 3, 
schemes 3.3 and 3.6 for fluorescent probes. Biotinylated probes have been extensively 
used for the rapid detection and isolation of the probe-labelled enzymes from the 
complex proteomes and to identify different classes of proteins and receptors, like the 
serine hydrolases (Liu et al., 1999; Speers et al., 2003), serotonin receptors (Gamo et 
al., 2016 ), fatty acylated proteins (Yount et al., 2011), and fatty acid amide hydrolase 
(FAAH) (Alexander & Cravatt, 2005). The process of target identification by the method 
of biotin labels has been successfully applied. But the future work will need to optimize 
the elution strategies for enriching the biotin-tagged protein(s), as this step involves 
streptavidin which is bound to biotin by strong non-covalent bonds. The major problem is 
the release of biotinylated proteins from streptavidin . 
 
Figure 31. Structures of the biotin probes 
The central nervous system (CNS) of the mites and ticks is divided into different 
lobes and compartments. The above synthesized fluorescent probes can be used to 
understand the exact neuronal structures, where compound 3c{3,6} binds. The neuronal 
system of varroa mites has not been studied extensively due to the small size of the 
body. In addition, most of the research is focused on developing new varroa control 
treatments and not on the internal anatomy of the varroa mites. Furthermore, the internal 
structural data available, are mostly focused on Varroa jacobsoni, an ectoparasite of 
Apis cerana (Asian honey bee). 
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A laser scanning microscope can be used to derive images from the fine sections 
of the mites, and bridge the information gap necessary to understand varroa mite 
anatomy in more detail. 
Future work will need to test the efficacy of compound 3c{3,6} in the field. In 
addition, research needs to be initiated to develop a release device to dispense 3c{3,6} 
in the lab and field. The evaporation rates of 3c{3,6} need to be evaluated at hive 
temperatures to design the release device. 
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1HNMR and 13CNMR spectra of the compounds 
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